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Preface 



This book provides a practical appreciation for the many biochemical and cellu- 
lar mechanisms shared by cancer and inflammatory processes. It also explores the 
hypothesis that cancer and chronic inflammation are causally linked. It is written to 
scientists and physicians alike interested in biomedical research. Relatively few texts 
are available that truly integrate these two fields in spite of the many common 
underlying mechanisms. Few would dispute that there are common points in the 
two pathologies, but research on these areas has evolved to a large extent into 
groups working almost independently. Perhaps this is due to the differences in the 
overall clinical presentations that, historically, have spawned separate areas of 
research efforts. A closer look at both is taken by this book and reveals how inter- 
related the two are. It is hoped that this approach will stimulate more integration of 
knowledge, thinking and activity to benefit advancement of both areas. 

To this end and as a part of the ongoing series Progress in Inflammation 
Research , edited by M. Parnham, we have assembled a collection of manuscripts 
that explore the links between cancer and inflammation. These manuscripts were 
written by prominent researchers working in both basic and clinical aspects of these 
fields and who represent the current critical thinking in the area. This is by no means 
intended to be exhaustive but primarily to broaden the reader’s knowledge of this 
emerging area by means of collecting some of the current scholarly work. 

For content we included areas where investigation of the interrelationship 
between the fields has received significant attention and that illustrates the integra- 
tion already taking place. Areas covered include cytokines, proliferation, apoptosis, 
immunity, matrix metalloproteinases, cyclooxygenase and angiogenesis. We also 
included clinical studies in gastrointestinal diseases where hypotheses linking the 
diseases are being tested. 

While our collection is really only a tip-of-the-iceberg view of a potentially whole 
new field, we hope that such coverage will help stimulate efforts to further our 
understanding fundamentally and to ultimately bring new therapeutics. 

April 2004 Douglas W. Morgan 

Ulf J. Forssmann 
Marian T. Nakada 
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Chronic inflammation and cancer in various organ systems 



Jong H. Nam and Sreekant Murthy 

Division of Gastroenterology and Hepatology, Drexel University College of Medicine, Drexel 
University, 245 N 15th Street, Philadelphia, PA 19102-1192, USA 



Introduction 

Cancer is one of the leading causes of mortality and morbidity worldwide. The 
Global Burden of Disease Study estimated that, in 1990, 6 million out of 50.5 mil- 
lion deaths worldwide (12%) were attributable to cancer [1]. Among the top 30 
causes of deaths worldwide that year, lung cancer, stomach cancer, liver cancer, col- 
orectal cancer, esophageal cancer, and breast cancer ranked 10th, 14th, 22nd, 24th, 
26th and 29th, respectively. In 1999, as per the World Health Organization mortal- 
ity data, 23% of the total deaths in the United States occurred from cancer [2], The 
United Kingdom and Japan reported similar rates at 24% and 30%, respectively. 
Mortality data from other countries are available at the World Health Organization 
website (http://www.who.int/en). 

Interestingly, cancer is a disease that has strong links to chronic inflammation. 
There are many cancers that develop in the background of chronic inflammation, 
and some of these are listed in Table 1. Although the mechanisms have not been elu- 
cidated, it is hypothesized that reactive oxygen and nitrogen species produced by 
inflammatory cells cause DNA damage and cell mutation. These inflammatory cells 
also secrete various cytokines and chemokines, some of which are known to func- 
tion as regulators of tumor growth, tumor metastasis, and angiogenesis [3]. More- 
over, inflammation is known to cause upregulation of the enzyme cyclooxygenase 
type 2 (COX-2), and there is accumulating evidence that COX-2 upregulation plays 
an important role in neoplastic progression [4]. 

Associating chronic inflammation with cancer is really not a novel concept. In 
1863, Virchow [5] wrote about leukocytes being present in neoplastic tissues. Later, 
he hypothesized that cancers originated from sites of chronic inflammation. In 
1986, Dvorak [6] described how wound healing and tumor stoma formation share 
many important properties, referring to tumors as “wounds that fail to heal”. It has 
since become more widely accepted that chronic inflammation provides a favorable 
environment for cancer to form and grow. In this chapter, we identify those cancers 
that have strong associations with inflammation, and discuss their epidemiology 
and the evidence that links their origin to inflammation. 
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Table 1 - Chronic inflammation and associated cancer 



Inflammatory condition/stimulus Associated cancer 



Schistosomiasis 

H. pylori- induced gastritis 

Hepatitis C virus infection 

Inflammatory bowel disease 

Reflux esophagitis/Barrett's esophagus 

Asbestosis 

Chronic pancreatitis 

Hepatitis B virus infection* 

Human papilloma virus infection* 
Human herpes simplex virus type 8* 



Bladder cancer 

Gastric adenocarcinoma and MALT lymphoma 
Hepatocellular carcinoma 
Colon cancer 

Esophageal adenocarcinoma 
Mesothelioma 
Pancreatic adenocarcinoma 
Hepatocellular carcinoma 
Cervical cancer 
Kaposi's sarcoma 



MALT, mucosa-associated lymphoid tissue. 

* Inflammatory states where integration of the viral genome into the host genome is believed 
to be the principal cause of carcinogenesis rather than inflammation itself. 



Heliobacter pylori chronic gastritis and gastric adenocarcinoma 

In recent years, it has become clear that the most important factor responsible for 
development of gastric cancer is H. pylori gastritis. H. pylori is a curved Gram-neg- 
ative organism that infects roughly 50% of the world’s population, more so in devel- 
oping countries [7]. It is most commonly acquired in childhood, and once acquired, 
the organism persists on the gastric epithelium and causes chronic gastritis in essen- 
tially all those infected [8]. A small proportion of these persons go on to develop 
clinically significant diseases, such as gastric cancer and peptic ulcer disease. The 
World Health Organization has recognized this link and has declared H. pylori a 
class I carcinogen [9]. 

Gastric cancer is now the third most common cancer worldwide, and the second 
leading cause of cancer mortality [10]. This remains true despite the sharp decline 
in both the incidence and mortality observed in the second half of the 20th century 
[11, 12]. It was estimated that there were more than 870000 deaths from gastric 
cancer in the year 2000, which accounted for about 12% of cancer deaths [13]. Gas- 
tric cancer also varies in incidence by geography. The highest rates are seen in the 
Far East, in countries such as Japan, China, and Korea, while the lowest rates are 
seen in North America, Western Europe, and Australia [14]. 

There are several lines of evidence to support the link between gastric cancer and 
H. pylori infection. The first real epidemiological evidence came from a study by 
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Parsonnet et al. [15], who performed a case-control study to compare the H. pylori 
serology status of 186 patients with gastric cancer to those of matched controls. 
They reported that significantly more gastric cancer patients had seropositivity to H. 
pylori than did the matched controls (84% versus 61%). The Eurogast group [16] 
conducted a study where 17 populations from 13 countries were involved, and con- 
firmed that there was clearly a significant relationship between H . pylori prevalence 
and both gastric cancer incidence and mortality. There was approximately a 6-fold 
increase in risk of cancer in populations with 100% infection compared with pop- 
ulations with no infection. Other studies have reported similar conclusions [17-19]. 
Furthermore, there are even studies that have shown that the fall in gastric cancer 
incidence has paralleled the fall in H. pylori prevalence [20, 21]. 

Prospective studies, however, provide the strongest support for the link. Parson- 
net and Forman [22] analyzed data from three prospective studies and reported that 
the risk of gastric cancer following H. pylori infection increased almost 9-fold after 
15 years or more of H. pylori infection. Other meta-analyses of prospective studies 
have confirmed this association, reporting 2-3 -fold increased risk in those chroni- 
cally infected with H. pylori [23, 24]. Even more powerful evidence is available from 
a study by Uemura et al. [25]. In this study, 1526 patients with known H. pylori 
serology status were followed over an 8-year period. Of the 1246 patients who were 
H. pylori- positive, 36 (2.9%) eventually developed gastric cancer, whereas of the 280 
patients who were H. pylori negative, none did. Uemura et al. [26] also studied the 
effect of H. pylori eradication in gastric cancer recurrence. They reported that no 
recurrent cancer occurred in those who had successful eradication of the organism. 



Heliobacter pylori infection and gastric mucosa-associated lymphoid 
tissue (MALT) lymphomas 

In 1983, Isaacson and Wright [27] first introduced the term MALT lymphoma to 
characterize primary low-grade B-cell lymphomas in the stomach and small bowel. 
A more recent term put forth by the World Health Organization is “extranodal mar- 
ginal zone B-cell lymphoma of mucosa-associated lymphoid tissue”. Nevertheless, 
the gastric form of this lymphoma is still most commonly referred to as gastric 
MALT lymphoma. 

Overall, gastric lymphomas account for only about 3-6% of all gastric malig- 
nancies [28]. Its association with H. pylori infection, as in gastric adenocarcinomas, 
has also clearly been established. First of all, evidence suggests that H. pylori can be 
found in most cases of gastric MALT lymphomas. Wotherspoon et al. [29], for 
example, examined 110 cases of gastric MALT lymphomas and found H. pylori 
infection in 101 of them (92%). Moreover, H. pylori- infected patients appear to be 
at increased risk of developing gastric lymphomas. Parsonnet et al. [30] collected 
and stored serum from 230593 subjects who were followed for a median of 14 
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years, at which time 33 patients developed gastric lymphomas. They noted that 
patients with gastric lymphomas were 6.3 times more likely than matched controls 
to have seropositivity to H. pylori . The prevalence of MALT lymphoma also 
appears to parallel that of H. pylori infection. In northern Italy, for example, where 
H. pylori prevalence is 87%, there is an extraordinarily high incidence of primary 
gastric lymphomas (13 times that of the UK) [31]. 

More direct evidence comes from clinical studies in which H. pylori was eradi- 
cated and the effect on the disease noted. In 1993, Wotherspoon et al. [32] report- 
ed regression of gastric MALT lymphoma in five of their six patients who were 
treated for and successfully eradicated H . pylori. Another study reported complete 
regression of low-grade MALT lymphoma for 16 months following H. pylori erad- 
ication, with subsequent relapse of the lymphoma following re-infection with the 
organism [33]. Other studies have reported similar findings [34, 35]. Studies in 
Mongolian gerbils lend further support to this notion [36]. 

The mechanism via which MALT lymphomas arise from chronic H . pylori infec- 
tion is unclear. Interestingly, normal stomach is considered to be devoid of organized 
lymphoid tissue. Hence, acquisition of MALT is probably the first step toward car- 
cinogenesis, and infection by H. pylori appears to trigger this. H. pylori is known to 
stimulate T-cells in very non-specific ways and, as such, H. pylori has often been 
referred to as a “super-antigen”. This is in contrast to the normal antigen-recogni- 
tion process that takes place between T-cell receptors and specific antigens. In the 
midst of non-specific T-cell activation, interleukin-2 (IL-2) is secreted and B-cells are 
stimulated, and when a single B-cell clone takes over and propagates, lymphoma can 
develop. Moreover, neutrophilic involvement during inflammation produces oxygen 
free radicals, which can damage DNA and help acquire genetic abnormalities [37]. 



Hepatitis C and hepatocellular carcinoma (HCC) 

Hepatitis C virus (HCV) is an etiological agent that is linked to chronic hepatitis, 
cirrhosis, and HCC. In the United States it is the most common indication for liver 
transplant [38]. The worldwide prevalence of HCV seropositivity is about 3% (170 
million people), although large variations do exist by geography [39,40]. Sero- 
prevalence in North America, for example, is 0.4-1. 8%, while that in North Africa 
is 9.6-13.6% [41]. In the United States, a national survey of non-institutionalized 
persons during 1988 through 1994 revealed a seroprevalence of 1.8%, among 
which 74% had detectable viral RNA levels [42]. This translates to 3.9 million 
Americans having antibody to HCV, and 2.7 million having persistent viremia. The 
US Surgeon General declared HCV a “silent epidemic” as of July 2000. 

In the US and Australia, most HCV infections occur in persons aged 30-40, sug- 
gesting that the peak of HCV incidence has been relatively recent. In other coun- 
tries, such as Japan, most HCV infections occur in much older persons, suggesting 
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the peak of incidence was in the distant past (i.e. World War II). In other regions, 
such as North Africa, HCV occurs across all ages, reflecting ongoing high risk of 
HCV acquisition. 

The most striking aspect of HCV infection is that once acquired, the virus will 
persist in 60-85% of infected persons, despite vigorous humoral and cellular host 
immune responses [43]. The precise mechanism of this viral persistence is unknown, 
but it appears that the quasispecies nature of HCV (genetic heterogeneity) is an 
important contributing factor. Once acquired, the virus causes chronic hepatitis in 
most persons, although with varying degrees of severity. Over the next 5-20 years, 
fibrosis of the liver will occur and a proportion of these persons will eventually 
develop cirrhosis. It is in this setting of chronic hepatic inflammation and fibrosis 
that HCC is known to emerge. 

HCC is one of the most common solid tumors worldwide, with about 0.5-1 mil- 
lion cases occurring per year [44]. It is the 5th most common cancer in men and 9th 
in women. The age-adjusted incidence varies by geography, but worldwide it is 
14.67 for men and 4.92 for women [45]. The lowest rates occur in developed coun- 
tries, such as North America and Europe, where the primary etiologic agent is the 
hepatitis B virus (HBV). The highest rates, on the other hand, occur in east Asia and 
sub-Saharan Africa, and HCV is the primary agent here. HCC is also a cancer with 
very high mortality. In fact, the mortality rate of HCC closely approximates the inci- 
dence rate because there is a rapid death rate after diagnosis in most cases. In cer- 
tain countries, such as those in sub-Saharan Africa and Far East, including China, 
Hong Kong, Taiwan, Korea, Vietnam, and Cambodia, HCC is one of the most fre- 
quent causes of death [46]. 

It is also clear that the global patterns of HCC are changing. HCC incidence 
rates in many developed areas, such as North America, Europe, and Japan, have 
clearly increased. In the United States, for example, HCC incidence has increased 
from 1.4 per 100 000 during 1976-1980 to 3.0 per 100 000 during 1996-1998, a 
2-fold increase [47]. It has been pointed out that these figures likely underestimate 
the true incidence by 20-30%, since they represent only HCC confirmed by 
histopathological examinations [48]. Not surprisingly, the mortality rate due to 
HCC has increased also. According to vital US statistics, the overall age-adjusted 
mortality rate for HCC increased from 1.8 per 100000 during 1979-1983 to 3.1 
per 100 000 during 1994-1998 [44]. 

The strongest support for the link between HCV and HCC comes from epi- 
demiologic studies where HCV was identified as a clear risk factor for HCC. In a 
recent meta-analysis of 21 case-control studies, for example, the risk of HCC was 
17-fold among HCV-infected patients compared with HCV-negative controls [49]. 
Several prospective studies have confirmed the increased risk of HCC in HCV- 
infected cohorts [50, 51]. 

The precise mechanism by which chronic HCV causes HCC is unknown. Unlike 
the hepatitis B virus, whose DNA genome integrates itself into the host cell’s genome, 
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HCV probably initiates carcinogenesis via chronic inflammation and fibrosis gener- 
ation. This notion would be supported by the observation that virtually all HCV- 
related HCCs arise in a setting of chronic inflammation and cirrhosis [60]. Once cir- 
rhosis is established, the annual risk of HCC is estimated to be 1-4% [52, 53]. 



Inflammatory bowel disease (IBD) and colorectal cancer (CRC) 

IBD is a group of disorders where the gastrointestinal tract undergoes chronic or 
relapsing idiopathic immune activation and inflammation. Crohn’s disease and 
ulcerative colitis are the two major forms of IBD, and lymphocytic colitis and col- 
lagenous colitis are the much less common types. Crohn’s disease is characterized by 
chronic inflammation involving any region of the gastrointestinal tract, from mouth 
to anus. The inflammation is often transmural, meaning that it can affect the entire 
wall of the gut from mucosa to serosa. The affected areas also tend to occur in dis- 
continuous regions along the gut, often described as “skipped lesions”. Numerous 
extraintestinal manifestations may exist, such as arthralgias, skins lesions, and ocu- 
lar diseases. Ulcerative colitis shares many similar features with Crohn’s disease. In 
fact, it is sometimes difficult to distinguish the two diseases clinically. Nevertheless, 
ulcerative colitis and Crohn’s disease are distinct syndromes with important differ- 
ences. Ulcerative colitis always involves the rectum, with variable involvement prox- 
imally into the colon. In contrast to Crohn’s disease, the affected areas are superfi- 
cial (involving mucosa and submucosa) and continuous. Like Crohn’s disease, 
though, there are similar extraintestinal manifestations of the disease. 

Defining the precise epidemiology of IBD has been a challenge for various rea- 
sons. Because there are no gold-standard criteria for diagnosis of IBD, certain dis- 
eases, such as infectious colitis, have often been misclassified as IBD. Sometimes it 
is also difficult to differentiate between Crohn’s disease and ulcerative colitis clini- 
cally, and hence reassignment of diagnosis is not uncommon, occurring in as much 
as 10% of cases in the first 2 years of diagnosis [54]. Then there is also that ten- 
dency for studies from large referral centers to underestimate the true incidence in 
the general population [55]. Despite these challenges, however, there are ample data 
to suggest that IBD affects numerous individuals in many parts of the world, par- 
ticularly in North America and Europe, and that its incidence is rising rapidly in 
areas such as east Asia where rates have been historically low. In North America, 
the incidence rates of Crohn’s disease and ulcerative colitis are in the range of 
3.1-14.6 and 2.2-14.3 cases per 100 000, respectively [55]. In Europe, the rates are 
in the range of 0.7-9. 8 and 1.5-20.3 cases per 100 000, respectively [55]. In Aus- 
tralia and New Zealand, the incidence rates have been low to moderate, ranging 
from 1.75-2.1 per 100 000 [55]. As mentioned previously, east Asian countries have 
much lower incidence rates of IBD than those of Western countries. Japan, for 
example, has reported incidence rates between 0.08 and 0.5 per 100000 [56, 57]. 
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These areas, however, are also experiencing rapid rises in IBD incidence. Korea, for 
example, has reported a 10-fold increase in incidence of ulcerative colitis since the 
mid 1980s [58]. South America and Africa still report the lowest incidence of IBD, 
with the exception of South Africa, where the rate among the white population is 
about 2.6 per 100 000 [59]. 

Increased risk of CRC is one of the most frightening aspects of IBD. This 
increased risk has been recognized since the 1930s, and many epidemiologic studies 
have since confirmed it. In ulcerative colitis, there is about a 20-30-fold higher risk 
of developing CRC than in the general population [60]. In fact, CRC is responsible 
for about one out of six deaths in ulcerative colitis [61]. It is rare to develop cancer 
when the duration of disease is less than 8 years, but thereafter the incidence accu- 
mulates at 0.5-1% per year [62]. Recently, a meta-analysis was performed to esti- 
mate the overall risk of CRC in ulcerative colitis by decade [63]. A total of 116 pub- 
lished studies were analyzed, and the cumulative incidences were 2% by 10 years of 
disease, 8% by 20 years, and 18% by 30 years. The overall prevalence of CRC in 
all ulcerative colitis patients was 3.7%. The risk of cancer in IBD patients is more 
likely related to the duration and extent of disease than the age of onset [64, 65]. 
The risk is clearly most increased in patients with pancolitis, whereas it is only min- 
imally increased in left-sided colitis and not increased in proctitis [62]. 

The increased risk of CRC is being increasingly recognized in Crohn’s disease as 
well. The estimated risk, however, varies as widely as in ulcerative colitis. Patients 
with Crohn’s disease have a higher percentage of right-sided lesions, perhaps reflect- 
ing the tendency for right-sided Crohn’s colitis in patients with ileocolitis [66]. Most 
studies based on hospital data report standardized incidence ratios between 1.0 and 
4.3, but also as high as 26.6 [61, 67-69, 71, 72]. Population-based studies report 
ratios between 1.36 and 2.64 [70-73]. When Crohn’s disease involves the colon, the 
risk of CRC appears to be similar to that of ulcerative colitis. One hospital-based 
study reported that cumulative incidence rates for extensive Crohn’s disease and 
ulcerative colitis were 8% at 22 years and 7% at 20 years, respectively [67]. Anoth- 
er study reported slightly higher rates, at 12% and 13% at 20 years [74]. 

Inflammation-associated colon cancer has also been observed in many natural 
and experimental models of colitis. Cotton top tamarins develop colitis-associated 
colon cancer in a captive environment [75]. Although colon cancer is not observed 
in mice, certain genetically engineered mice such as interleukin- 10 and G-l knock- 
outs [76, 77] develop colitis-associated adenocarcinoma. 

In addition to genetically engineered mice, several studies have reported the 
occurance of dysplasia and cancers in mice, rats, and hamsters when they are fed 
dextran sulfate sodium solutions. A recent study [78] has also shown that colitis acts 
as a promoter of cancer in mice with multiple intestinal neoplasia (MIN model of 
cancer), which has a single germline mutatation of the adenomatous polyposis coli. 
These animal studies further confirm that inflammation could be a precursor for the 
development of colon cancer in animals as well. 
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Reflux esophagitis, Barrett's esophagus, and esophageal adenocarcinoma 

Reflux esophagitis results from mucosal injury caused by gastric contents refluxing 
abnormally into the esophagus. It is difficult to ascertain the exact prevalence of 
esophagitis in gastroesophageal reflux disease (GERD), but available studies suggest 
that between 48% and 79% of GERD patients have esophagitis [79,80]. Given that 
GERD is a highly prevalent condition, particularly in North America and Europe, 
significant numbers of people will suffer from reflux esophagitis. 

Barrett’s esophagus is an acquired premalignant condition that arises from a set- 
ting of GERD and chronic esophagitis. It essentially describes a metaplastic change 
in the esophageal epithelium from the normal squamous epithelium to the special- 
ized intestinal epithelium containing columnar cells and goblet cells. The incidence 
of Barrett’s esophagus has increased markedly since the 1970s in the United States, 
mostly in the white male population. The prevalence in the general population is 
currently estimated to be about 1% [81, 82], but this may be an underestimate. A 
study from Olmsted County, Minnesota, suggested that for every known case of 
Barrett’s esophagus, 20 additional cases go unrecognized [83]. 

Barrett’s esophagus would be of no importance were it not for its well-recog- 
nized association with esophageal adenocarcinoma. As with Barrett’s esophagus, the 
incidence of esophageal adenocarcinoma has also been increasing rapidly in many 
parts of the world, mainly North America and Europe. In fact, esophageal adeno- 
carcinoma is the fastest rising malignancy among white men in the United States, 
with an annual increase of 4-10% since the 1970s [84, 85]. Whereas it accounted 
for less than 15% of all esophageal cancers in white men in the mid-1970s, it now 
accounts for over half of them [86]. Similar reports have come from other countries. 
Denmark, for example, experienced an increase in incidence 8 -fold from 1970 to 
1990 [87]. 

There are several lines of evidence to link GERD with Barrett’s esophagus and 
esophageal adenocarcionoma. First of all, GERD patients are much more likely to 
have Barrett’s esophagus than the general population. For example, Barrett’s esoph- 
agus is reported to occur in about 1% of unselected patients undergoing endo- 
scopies, but in about 6-12% of GERD patients [88]. The duration and severity of 
GERD symptoms also appear to influence the risk of developing Barrett’s esopha- 
gus. Lieberman et al. [89] reported that compared to patients with reflux symptoms 
for less than 1 year, patients with GERD symptoms for 1-5 years were three times 
more likely to have Barrett’s esophagus. Those with symptoms for more than 10 
years were even more likely to have Barrett’s - 6.4 times. Patients with Barrett’s 
esophagus also have more severe GERD by objective criteria. Singh et al. [90] deter- 
mined that Barrett’s patients had a higher percentage of acid exposure (pH<4) and 
lower pressure in the lower esophageal sphincter (LES) than non-Barrett’s patients 
with GERD. There was also a strong correlation between degree of acid exposure 
and length of Barrett’s segment. Oberg et al. [91] performed esophageal motility and 
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24-h pH monitoring in 556 patients undergoing endoscopy for symptoms suggestive 
of GERD, and similarly reported that the extent of Barrett’s correlated strongly with 
the degree of esophageal acid exposure and duration of symptoms, and inversely 
with lower esophageal sphincter pressure. 

The severity of GERD appears to influence the risk of not only Barrett’s, but 
esophageal adenocarcionoma as well. Lagergren et al. [92] performed a large pop- 
ulation-based case-control study in Sweden involving 189 patients with esophageal 
adenocarcinoma, and reported that patients with recurrent symptoms of reflux were 
7.7 times more likely to have esophageal adenocarcinoma than those without 
GERD. The more frequent, severe, and extended the symptoms of reflux were, the 
greater the risk of cancer. In fact, the risk was increased to 43.5 times in patients 
with long-standing and severe reflux disease. Others have confirmed this [93]. 



Chronic pancreatitis and pancreatic adenocarcinoma 

Pancreatic cancer is a relatively rare tumor. In the United States, for example, the 
number of new cases diagnosed per year is about 28 000 [94]. The disease is rare 
before age 45, but rises in incidence sharply thereafter. Pancreatic cancer is also a 
disease with extreme high mortality. Of the 28 000 persons diagnosed every year, 
only 10-20% have resectable disease, and 83% will die within 12 months of diag- 
nosis [95, 96]. Appropriately, this cancer has been ranked fourth as a cause of can- 
cer-related deaths in the United States, despite the relatively low incidence. 

It is known that chronic pancreatitis is a risk factor for the development of pan- 
creatic adenocarcinoma. Initial studies linking chronic pancreatitis to pancreatic 
cancer emerged in the 1980s, when two small case-control studies reported an 
increased yet non-significant number of pancreatic cancers among patients with 
chronic pancreatitis [97, 98]. Three additional studies emerged in the early 1990s 
that reported similar observations [99-101]. Lowenfels et al. [102] conducted the 
most convincing study; they recruited and followed 2015 patients with chronic pan- 
creatitis enrolled from various centers around the world. They identified 56 patients 
who developed pancreatic cancer, and their analysis showed that at 10 years after 
diagnosis of chronic pancreatitis, the cumulative risk of pancreatic cancer was 
1.8%. At 20 years, the risk increased to 4.0%. Similarly, Talamini et al. [103] fol- 
lowed 715 cases of chronic pancreatitis for a median of 10 years, and compared the 
incidence of pancreatic cancer with that of the general population. They noticed a 
significant increase in the incidence of pancreatic cancer in the chronic pancreatitis 
group (standardized incidence ratio = 18.5). 

The highest risk of pancreatic cancer is seen in hereditary pancreatitis, a rare 
autosomal dominant disorder involving mutation of the trypsinogen gene. These 
patients present with pancreatitis at an early age (< 20 years), followed by a chron- 
ic relapsing pattern of disease. Lowenfels et al. [102] gathered medical records of 
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246 patients with presumed hereditary pancreatitis to assess the strength of associ- 
ation between pancreatitis and pancreatic cancer. They found that these patients had 
a 5 3 -fold increased risk of pancreatic cancer, and that the cumulative risk by age 70 
years was 40%. 



Schistosomiasis and bladder cancer 

Schistosomiasis, also known as bilharziasis, is a widespread endemic disease found 
most commonly in agricultural communities, particularly those that are dependent 
on irrigation to support their agriculture. The etiological agent is a fluke, a kind of 
parasitic worm that has complex life cycle involving fresh-water snails as interme- 
diate hosts. Initially, fresh water becomes infected from contaminated urine or stool. 
Here, the eggs hatch, and if water snails are present, the parasites grow and devel- 
op in them. The snails eventually release large numbers of larvae into the water, 
which penetrate through the skin of unsuspecting hosts swimming in contaminated 
water. Within several weeks, the worms produce eggs that are passed into the urine 
or stool. 

It is estimated that more than 200 million people are infected with these flukes 
worldwide [104]. Schistosoma haematobium , is one species of schistosome that is 
endemic to the Nile River valley in Egypt and other parts of Africa, and this species 
has been strongly linked to squamous cell carcinoma of the bladder. The exact 
mechanism by which the parasite causes bladder cancer is unknown, but it is 
thought that chronic inflammation may be an important culprit. The mechanical 
irritation caused by egg deposits in the bladder wall cause chronic inflammation, 
and in this setting activated macrophages generate reactive oxygen radicals that 
damage DNA and mutate cells. 

There is strong epidemiologic evidence to support the relationship between 
schistosomiasis and bladder cancer. In countries where schistosomiasis is endemic, 
bladder cancer often tops the list in terms of cancer incidence and mortality. In 
Egypt, for example, bladder cancer ranks first among all types of cancer in men, 
and second only to breast cancer in women [104]. In one report, of the 11 626 can- 
cer cases reported between 1970 and 1974, 27.6% were due to bladder cancers 
associated with schistosomiasis [105]. The same study reported that among the 
2500 new cases of cancer reported to the Cairo Cancer Institute every year, about 
27% were bladder cancers associated with schistosomiasis. Reports from other 
countries such as Iraq, Malawi, Zambia, and Kuwait, where schistosomiasis is also 
endemic, have reported similar findings [106, 107]. These figures are in clear con- 
trast to those found in countries free of schistosomiasis, where bladder cancer 
ranks only 5th to 14th in incidence [108]. The association between 5. haematobi- 
um and bladder cancer has also been confirmed in experimental models of schisto- 
somiasis [109, 110]. 
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Asbestosis and mesothelioma 

Asbestos refers to a naturally occurring group of fibers that have flexible and fire- 
resistant properties. They are often used in industry to make heat insulation and fire 
resistance products. Although these fibers are typically combined with binding 
agents, some fibers are released into the air inadvertently and inhaled by workers. 
Naturally, some of the heaviest exposures occur in settings of building demolition 
and renovation. Workers in textile, insulation, and automobile brake-repair indus- 
tries are also at increased risk of exposure to airborne asbestos. It is estimated that 
a total of 1.3 million workers are at significant risk of exposure to asbestos in the 
United States. 

Asbestosis is a serious disease of the lung caused by inhalation of asbestos. It is 
characterized by a gradual scarring of the lung parenchyma, which eventually leads 
to inefficient oxygen exchange and subsequently to dyspnea, weakness, and weight 
loss. The mechanism by which asbestos causes these changes is probably via chron- 
ic irritation and inflammation. The body will attempt to clear the fibers via mucocil- 
iary actions and macrophages, but some fibers manage to migrate distally into the 
parenchyma and cause on-going inflammation and eventual fibrosis. 

One of the most frightening complications of asbestosis is the occurrence of 
mesothelioma, a rare tumor of the pleura. Mesotheliomas can be benign or malig- 
nant, but as most are malignant they are routinely referred to as just mesotheliomas. 
Several observations support the link between asbestos and mesothelioma. In 1960, 
Wagner et al. [Ill] first demonstrated clearly that among South African miners 
occupational and environmental exposure to crocidolite was associated with deaths 
from malignant mesothelioma 30-40 years later. Selikoff et al. [112] similarly 
reported later that an association between asbestos exposure and mesothelioma 
existed among a group of pipe fitters. Since then, many similar observations have 
been reported from around the world. It is now clear that about 80% of malignant 
mesotheliomas, at least in the Western world, are associated with asbestos exposure. 
The latency period is also very prolonged. In a review of 1690 mesothelioma cases, 
99% of cases occurred more than 15 years after asbestos exposure, but none 
occurred less than 10 years from exposure [113]. 

Malignant mesothelioma is still a relatively rare tumor, although it is continuing 
to grow in incidence. The precise incidence is difficult to estimate because the dis- 
ease has been frequently coded as lung cancer in the past. Nevertheless, the avail- 
able data allow estimation of the incidence of newly diagnosed mesothelioma in US 
males to be in the range of 2000-3000 cases per year [114, 115]. Interestingly, 
because of its association with work-related asbestos exposure, mesothelioma is 
more frequently seen in men than in women. The incidence is expected to continue 
to rise well into the next century, reflecting the 8 million workers who were exposed 
to asbestos in the past (before governmental regulations) and the long latency peri- 
od to its developement. It is predicted that the annual death rate from malignant 
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mesothelioma will continue to rise annually at least until the year 2020. Currently, 
mesothelioma leads to some 10 000 worldwide deaths annually [116]. 

The exact mechanism via which asbestos fibers cause mesothelioma is unclear. 
As mentioned previously, when asbestos fibers are inhaled, macrophages will 
attempt to phagocytose them and mucocililary actions will help to clear them. 
The inhaled fibers that are not cleared by these mechanisms migrate distally 
through the endothelial lining and into the interstitial tissues. Here they accumu- 
late in the lower third of the lungs and penetrate the visceral pleura. It is here that 
asbestos can induce DNA damage and mutations by direct physical interaction 
and/or by indirect action of superoxides and free radicals produced by 
macrophages. 



Summary 

There is convincing evidence that inflammation plays an important role in the neo- 
plastic progression of many types of cancer. It is generally agreed that inflammation 
provides an ideal setting for carcinogenesis because inflammatory cells, growth fac- 
tors, and genotoxic agents work in concert to potentiate and promote neoplastic 
progression. Much evidence comes from epidemiologic studies and animal studies 
where the links between certain chronic inflammatory conditions and cancers have 
been clearly established. Probably the strongest evidence, however, comes from 
studies that have assessed cancer risk among long-term users of aspirin and non- 
steroidal anti-inflammatory drugs. It is clear from these studies that these drugs have 
chemopreventive effects, reducing the incidence of certain cancers, such as 
esophageal cancer [117], gastric cancer [118], colorectal cancer [119-121], lung 
cancer [122], bladder cancer [123], and breast cancer [124]. Celecoxib, a COX-2 
inhibitor, for example, has been shown in a double-blind placebo-controlled study 
to significantly reduce colorectal polyp burden in familial adenomatous polyposis 
[125]. Aspirin has also been shown to reduce the number of adenomatous polyps in 
patients with histories of both colorectal polyps and colorectal cancer [126, 127]. 
The putative role by which inflammation promotes tumor growth, angiogenesis, 
and metastasis are subjects of intense investigation and are discussed in subsequent 
chapters of this book. 
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Introduction 

Cancer is fundamentally the end stage of many chronic inflammatory diseases, 
representing a state of continuous angiogenic and stromagenic support for the 
established neoplasm [1, 2]. Indeed, a substantial literature now exists to support 
the notion that cancer in adults arises most often in the setting of chronic inflam- 
mation [3]. Efforts to arrest and diminish tumor growth applied late in the setting 
of metastatic disease, at a time when the host and the tumor have established their 
folie a deux , are regrettably largely ineffective. The absence of suitable biomark- 
ers and surrogates of response likewise limit application of biologic therapies early 
in disease. Many of these markers are of tissue remodeling and inflammation asso- 
ciated with the neoplastic state [4-11]. New findings about the interactions of nat- 
ural killer (NK) cells and dendritic cells (DCs) [12-32] in the initiation of the 
inflammatory response as well as secondary responses suggest their critical role in 
immunity and potential utility as immunotherapies or the use of cytokine or 
cytokine gene therapy designed to elicit/activate them. Although the period fol- 
lowing resection of the primary tumor is most often a period of seeming quies- 
cence, we now recognize that considerable changes including continued genomic 
instability and immunologic alterations in the host and tumor target molecules are 
occurring. Having a means to identify suitable biomarkers and surrogates of 
tumor during this nominally quiescent period is one of great need so that novel 
agents might be applied at a time when they are most likely to modify the biolo- 
gy of the tumor. Promising new approaches applying proteomics, genomics 
[33-36], and cellomics (imaging cytometric) [37-41] strategies may make this pos- 
sible. 
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Chronic inflammation leads to cancer: an unusual situation of pediatric 
neoplasms 

Cancer arises as a consequence of mutations in genes regulating cell growth or cell 
death. Although acute inflammation (Fig. 1) is most often associated with control 
of a pathogen and resultant long term T-cell memory, chronic inflammation is the 
result of persistent inflammatory stimuli. In adults, with the incidence increasing 
with age, tumors arise following years of chronic inflammation in the setting of 
intact immunity [2, 3, 5, 7-9, 11, 42-58]. Such chronic inflammatory pre-cancerous 
states are associated with a number of chronic viral infections (hepatitis B virus, 
hepatitis C virus, human papillomavirus, and Epstein-Barr virus, etc.), bacterial 
infections (Helicobacter pylori ), toxins (arsenic, asbestos, smoking), hormonal 
cycling of breast or uterine tissues, or repetitive chemical or physical irritation 
(esophagitis, solar irradiation). T cells, recruited to the site, mediate rounds of stro- 
mal and epithelial destruction. When identified within the established tumor later, 
or infiltrating the precancerous lesions, they are often found to be anergic or sup- 
pressive. Progression of a tumor occurs once mutations limit apoptosis, permitting 
necrotic cell death, and subsequent reconstituting growth have occurred. In chil- 
dren, many of the targeted mutations in growth-controlling genes occur while the 
immune system is still in a nominal immature state, resulting in so-called immuno- 
logic “ignorance” [59-61]. Although many reports document the presence of NK 
cells, T cells and DCs within adult neoplasms, only a paucity of reports on 
Hodgkin’s disease [62-65] and leukemia [59, 66] in children make similar claims. 
Indeed our own recent unpublished observations suggest that, unlike their adult 
counterparts, there are almost no inflammatory cells within the tumor prior to or 
even after cancer chemotherapy (Fig. 2). 



Stress response: cancer as stressed cells 

During inflammation, mediators including tumor necrosis factor a (TNFa) and 
interferon y (INFy) promote arrest in cell growth, processing of endogenous proteins 
in epithelial and stromal cells, expression of processed peptides in the context of 
MHC Class I and Class II molecules and, particularly in epithelial cells, expression 
of cell surface “stress molecules” including MHC class I chain-like genes A and B 
(MICA/B) [67-75] and Letal [76]. MHC molecules presented as peptides are targets 
for activated memory effector and regulatory T cells. MICA/B and presumably other 
virally induced molecules such as Letal are targets for natural killer G2D (NKG2D)- 
expressing NK cells. Recently, it has been suggested that MICA/B can be expressed 
on IFNa stimulated DCs allowing engagement and activation of NK cells as well 
[77]. Similarly Letal has been shown to promote T-cell survival and enhance sub- 
strate uptake, even in the presence of nominal apoptosis-inducing stimuli including 
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Figure 1 

Chronic inflammation and cancer 

In the setting of viral or bacterial infections , or other inflammatory signals , typically an acute 
inflammatory response is associated with a rapid rise in antigen over the first few days fol- 
lowed by an emergent T-cell response (which we now recognize as balanced between effec- 
tors and suppressors of immunity). With persistence of antigen or inflammatory signals , a 
chronic inflammatory state ensues ( fl) which is associated with cyclical increases in antigen , 
triggering a renewed inflammatory response and T-cell immigration , and attempts to limit or 
wall off the focus. In sites characterized by diminution of antigen and waning of inflamma- 
tion, renewed danger/damage or injury signals recruits NK cells and NK cells/T cells into the 
site to launch another round of inflammation with delivery of antigen to DCs, release of 
chemokines and cytokines limiting local stromal and epithelial proliferation, and enabling 
the recruitment of additional inflammatory cells. The consequence of this is another round 
of T-cell immigrants, including both effectors and balanced regulatory cells including 
CD4 + CD25 + cells, limiting the pathogen and ultimately allowing healing and epithelial and 
stromal proliferation to repair the local damage. Following rounds of inflammation , epithe- 
lial death and proliferation, sufficient mutational events ensue, particularly in the back- 
ground of a genetically susceptible individual, to enable the expansion of a malignant clone 
( f2) imbued with the ability to expand with a concomitant diminution in specific and glob- 
al immunity, ultimately eventuating in death. Our goals with biologic therapy are to reiniti- 
ate an " acute inflammatory " response to the tumor (shown by dotted line), with the ability 
of new T cells emergent and capable of limiting the growth of the malignant clone. 
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Incidence of pediatric and adult neoplasms 




Age (years) 



Figure 2 

Two major etiologies for cancer. 

Pediatric neoplasms arise embryologically during rapid expansion of the cell mass during 
early fetal development with either acquired or hereditary mutations affecting genes regu- 
lating cell contact cell growth, and cell death. Most of these tumors indeed are successful- 
ly eradicated by aggressive combination chemotherapy although rare variants of rhab- 
domyosarcoma, osteosarcoma, Wilm's tumor, and gliomas continue to be identified through 
adult life, albeit at low incidence. This is presumably because of a lower growth fraction than 
those presenting earlier in life. Hematologic neoplasms , melanoma, and aggressive colorec- 
tal cancers are observed as early as the teenage years and a progressive increase in frequen- 
cy of epithelial neoplasms. A preponderance of adult neoplasms (shown in the ascending 
curve >16 years) takes place as a result of years of chronic inflammation, hormonal cycling, 
exposure to toxins, and accumulation of mutations, often with facilitatory hereditary genet- 
ic alterations. This results in tumors with low responsiveness to chemotherapeutics associat- 
ed with inflammatory infiltrates. Biologic therapies have little role in the treatment of pedi- 
atric neoplasms but are being increasingly pursued and applied in the setting of adult neo- 
plasms with modest success. 



chemotherapeutic agents. It is likely that the consequence of chronic inflammation 
is the destruction of epithelial and stromal elements resulting in renewed prolifera- 
tion of these cells during the healing phase. Necrotic cell death, as a stimulator of 
inflammation, and apoptosis as the preferred type of antigen to launch an immune 
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response [78-83], may be distinguished by a variety of specialized cell-surface mol- 
ecular receptors for heat-shock proteins (Hsps) [84] and the molecule HMGB-1, as 
this is released by necrotic but not apoptotic cells. During inflammatory responses 
inducing both apoptosis and necrosis of premalignant and malignant cells, the cells 
with altered genes promoting cell growth and limiting cell death are selected for in 
the setting of inflammation. In addition, those cells which lose expression of indi- 
vidual MHC molecules or antigens that they present are also powerfully selected for 
in the tumor microenvironment. Loss of tumor antigen expression during and sub- 
sequent to effective immunotherapy has now been well documented, particularly in 
the setting of melanoma [85-95]. Other molecules released by necrotic cells are like- 
ly to play an important role and include uric acid [96], Hsp70 [67, 97-100], and 
ATP [101] among others. 



Signals 1-5 

Although substantial information has been attained about the signals (Tab. 1) elicit- 
ing the adaptive immune response mediated by T cells, the classic Bretscher and 
Cohn model [102] of two signals published over 30 years ago does not adequately 
define the biological activity taking place. Although we recognize that MHC/peptide 
or Signal 1 and the provision of costimulation, Signal 2, are requisite to driving naive 
T cells, it was not until the last decade that it became apparent that this was the 
unique set of signals provided by DCs to either immunize or tolerize. Furthermore, 
Janeway [103] suggested that there needed to be a so-called Signal 0. This was ini- 
tially believed to be derived as signals coming directly from bacteria, viruses, or 
other forms of injury or “danger” which prompted the initiation of the immune 
response. We now recognize that these signals largely drive Toll-like receptors on 
macrophages recruiting acutely polymorphonuclear leukocytes, NK cells, and DCs 
to the site. Subsequently Signal 3, reflecting the nature of the environmental stimuli 
provides a polarizing signal, initiating the Thl or Th2 type of response [104-112] 
and Signal 4, the selective imprinting by DCs of the site from which the inflamma- 
tory focus derived [113-115], enabling the appropriate T cells to migrate more selec- 
tively to the appropriate site. At some point after continued inflammation, signals 
associated with healing, containment, or persistence of chronic inflammation are 
found (Signal 5) [116-126]. As noted above, cancer often arises in the setting of 
chronic viral infections, toxins, or irritation and several states of chronic inflamma- 
tion. Interfering with this complex process using conventional vaccination strategies 
and recapitulating individual Signals 1-4 is believed to be unlikely to succeed be- 
cause of the established chronic inflammatory state mediated by nominal Signal 5 
factors such as transforming growth factor p (TGFp) [118, 127, 128], nitric oxide 
[129-133], interleukin- 10 (IL-10) [121, 123, 134-140], prostanoids [110, 112, 
141-143], and others. These latter signals limit the ability to launch an acute inflam- 
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Table 1 - 


Signals/ messages in 


immunity 








Class 


Examples 


Origin 


Effectors 


Signal 0 


Danger 


TLR1-13, IFNa, 
HMGB 1, Hsp, CD1 + 


Mqp 


Polys, NK cells 


Signal 1 


Antigen 


MHC / peptide 


DCs 


NK cells, NKT 


Signal 2 


Costimulation 


CD80, CD86 


DCs, NK cells 


T cells 


Signal 3 


Polarization 


Cytokines, 
IL-4, -10, -12 


DCs, NK cells, 
NKT 


T cells 


Signal 4 


Localization 


Integrins; chemokine 
receptors 


DCs 


T cells 


Signal 5 


Termination, 

continuation, 

healing 


PGE 2 , TGFp, 
IL-10, CTLA4 


T cells, NK cells, 
DCs 


T cells 



HMBG 1, high mobility group B 1; hAcp, macrophage; polys , polymorphonuclear leukocytes; 
NKT, natural killer/T cells; IL, interleukin; TGFfi, transforming growth factor P; PGE 2 , 
prostaglandin E 2 



matory response. One of our central hypotheses is that inducing an acute inflam- 
matory response with the adoptive transfer of NK cells and DCs (Fig. 3) will allow 
induction of a new T-cell response. Data coming from several centers now including 
our own [12-32, 144] suggest that this NK cell-DC interaction plays a primary role 
in polarizing the DCs and enhancing IL-12 and possibly IL-23 production. 



IFNy and IL-10 as pivotal cytokines in the inflammatory/tumor response: 
induction by cytokine therapies 

A set of cytokines promoting an inflammatory response has now been tested clini- 
cally. These include IL-1 [145], IL-2 [146 147], IL-3 (PIXY-321), IL-4 [87, 
148-150], IL-6 [151-157], IL-7 [158], IL-11 [159-164], IL-12 [165-169], IL-1 8 
[170-175], IFNs a, (3, and y [176-178], the colony-stimulating factors M-CSF, GM- 
CSF, G-CSF [179-183], and erythropoietin [184-188], as well as TNFa [99, 
189-191]. Interestingly, few of these have shown substantial enough activity for one 
to be enthusiastic about their application as therapeutic agents (Tab. 2). In large part 
this is due to the fact that soon after administration, counter-regulatory factors, 
including the IFNy-inducible suppressor of signalling 1 (SOCS1) and SOCS3 feed- 
back inhibitor [192-199], limit signaling through these molecules’ Janus kinase/sig- 
nal transduction and activators of transcription (JAK/STAT) signaling pathways, 
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Acute inflammation 




Figure 3 

Coordinate delivery of NK cells and DCs to enhance the anti-cancer response. 

Acute inflammation is induced in response to early signals of danger, damage , or injury; typ- 
ically these are necrotic cell death , signaled by the release of heat shock proteins or HMGB 1, 
bacterial products including lipopolysaccharide and CpG (cyti dine/ guanine without methy- 
lation) containing single-stranded DNA, double-stranded RNA, etc. Tissue macrophages and 
immature dendritic cells , stimulated by these events typically produce cytokines and 
chemokines that trigger endothelial activation , ingestion of lysed cells, and recruitment of 
additional inflammatory cells including polymorphonuclear leucocytes and NK cells. These 
cells respond appropriately to environmental stimuli ingesting and/or lysing bacteria and 
stressed cells expressing molecules such as MICA/B. Release of monokines including IL-18 
following its cleavage by caspase 1 allows promotion of a cellular immune response and 
enhances NK production of IFNy, expression of Fas ligand (FasL) and release of other inflam- 
matory mediators. Lysis of tumor cells allows release of apoptotic bodies, which are captured 
and further processed by dendritic cells. These in turn interact with memory effector and reg- 
ulatory T cells recruited to the inflammatory site within 24-48 h. Retention of these cells 
within the acute and in some situations the chronic inflammatory site allows persistence of 
inflammation during periods of cell necrosis and apoptosis. When T cells are not appropri- 
ately retained or recruited, TNF is released by NK cells prompting traffic of DCs to the 
regional lymph nodes to recruit additional T cells capable of recognizing antigen. The reini- 
tation of acute inflammation in the setting of cancer progression and the chronic inflamma- 
tory response represents a strategy targeting the late signal 5's within the tumor including 
immunosuppressive TGF/3, prostaglandin E 2 , and IL-10. 



which continues with subsequent administration. IL-10 is also induced within the 
tissues and plasma which limits the ability of new dendritic cells to provide critical 
costimulatory molecules in the tissues. It is perhaps surprising, given the increasing- 
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Table 2 - 


Cytokine therapy of cancer 








Cytokine 


Mechanism 


Activity 


Toxicity 


Status 


IL-2 


Expand/enhance NK cells 
and delivery to tissues; 
promote generation of 
specific T cells 


15% RR; 

durable 

responses 


++++ 


FDA approved; 
stage IV renal 
cell cancer and 
melanoma 


IFNa 


|DC maturation; antigen 
presentation by tumor; 
antiproliferative; 
antiangiogenic 


10-15% RR; 
some durable 


++ 


FDA approved; 
stage III melanoma, 
hairy cell leukemia, 
lymphoma 


GM-CSF 


DC activation; survival 


| Recurrence; 
responses as 
gene therapy 


+ 


In Phase III 


IL-1 2 


Thl shift; IFNy inducer; 
antiangiogenic 


Modest in 
lower, toler- 
able doses 


++ 


Phase 1 and II; 
combinations with 
IL-2, IFN 


IL-1 8 


IFNy inducer; Fas- 
dependent 


Early response 
in melanoma 


?? 


Phase 1 



FDA , US Food and Drug Administration; RR, relative response; GM-CSF, granulocyte- 
macrophage colony-stimulating factor 



ly sophisticated understanding of cytokine networks and regulatory pathways that 
any responses were observed at all! 



DC/NK cell cross-talk and DC/T-cell cross-talk are mediated in part by 
IL-1 family members 

We have previously shown in vitro that the anti-tumor effects of recombinant IL-1 8 
delivered in murine tumor models can be mimicked with coculture of DCs, NK cells, 
tumor, T cells, and IL-1 8, leading to the generation of tumor-specific T cells 
[170-175, 200-203]. There are now at least 10 distinct IL-1 family members. The 
biologic role of many of these cytokines is unclear; however, in murine models IL- 
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la, IL-1|3, IL-18, and IL-1F7 promote an effective anti-tumor response when used 
as genetic constructs. We are exploring whether the IL-1 homologues, including IL- 
la, IL-1|3, IL-1RA, IL-1F5, IL-1H4 (IL-1F7), and IL-1F9, mediate similar or dis- 
similar effects [204-208]. Whether IL-12 production is enhanced in an IFNy-depen- 
dent manner in such cultures, generating successful development of specific T cells 
in NK cells and DCs cultured with tumor, is as yet unknown. The role of the IL-1 
family members in cooperation with TNF family members in initiation of the adap- 
tive immune response to cancer when applied locally is largely unexplored. An 
important question will be to test these premises in vivo in patients with melanoma. 
(We plan to assess this in an innovative clinical protocol assessing local tumor 
response in patients with multiple cutaneous melanoma metastases.) Although DC- 
based immunizations are effective in inducing cytotoxic T-lymphocyte (CTL) 
responses against cancer cells, clinical responses are rarely observed. Similarly, adop- 
tively transferred T cells are effective only in limited types of cancer. We hypothesize 
that chronic inflammation, which clearly precedes progression of cancer in many 
cases and is present in the tumor microenvironment after the change into invasive 
malignant disease has occurred, is suppressive for anti-cancer effector cells; thus, the 
need to reinitiate acute inflammation seems a plausable interventive approach. In 
this respect, we are turning our studies into combination cellular therapy, and we 
propose that direct application of NK cells and DCs in the tumor microenvironment 
will create an acute inflammatory focus in the tumor, and promote the development 
of an effective anti-tumor immune response [17, 20, 209, 210]. 



The use of cellular therapy in cancer 

Requirements for immune control of cancer include the need to attain T cells capa- 
ble of migrating across endothelial barriers, surviving at the tumor site, and medi- 
ating a prolonged memory response [15, 87, 211-219]. Multiple studies in murine 
models predict that the induction and delivery of therapeutic T cells mediates impor- 
tant anti-tumor effects. A number of studies, particularly in the setting of patients 
with melanoma have now demonstrated that adoptive transfer of such cells medi- 
ates anti-tumor effects. Substantial host modification is required including the use 
of cytotoxic agents to “open space” for the adoptively transferred cells or to inhib- 
it nominal suppressor T cells. An alternative strategy, and one which we are pro- 
moting, is the notion that the chronic inflammatory response to cancer is already 
mediated endogenously by T cells and DCs, and furthermore that the T cells found 
within tumors are ineffective and, with expansion, of limited utility. Our funda- 
mental premise, based on an integration of the available insights into tumor biolo- 
gy, is that delivery of NK cells and DCs directly into the tumor will coordinately elic- 
it new tumor-specific effector cells, driving the acute inflammatory response with 
Thl-promoting DCls matured with NK cells in vitro or in vivo . Nonspecific strate- 
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gies using bacterial injection such as bacille Calmette-Guerin (BCG) or Corynebac- 
terium parvum have had limited application as have the application of immunos- 
timulatory antibodies such as anti-CD3. More promising has been the application 
of antibodies such as those to CTLA4 to limit the negative inflammatory signal pro- 
vided by resident regulatory cells with tissues and secondary nodal sites [220, 221]. 

The use of T cells to treat cancer in murine tumor models and application to 
humans arose in the 1970s. NK cells were also identified as critical effectors in vitro 
and in some in vivo systems with continued interest in their application today [15, 
222-231]. In the late 1970s through the mid-1980s, so-called lymphokine-activat- 
ed killer cells (LAKs) derived from IL-2-activated T cells and NK cells in the periph- 
eral blood were generated in the presence of IL-2. They were administered systemi- 
cally with high doses of IL-2 to patients with a variety of cancers including glioma, 
colorectal cancer, melanoma, and renal cell cancer. This treatment was associated 
with substantial toxicity and randomized, prospective trials showed comparable 
anti-tumor activity of the combination of LAKs and IL-2 to IL-2 alone. This 
prompted much of the current use of modified fibroblasts and antigen-pulsed or 
engineered DCs to deliver cytokines into the tumor microenvironment. At this point 
over 1000 individuals have been treated with DCs with only modest anti-tumor 
effects, especially in clinical trials in melanoma. We would propose that many of the 
DCs applied have not been suitably polarized or designed to deliver IL-12/IL-18 or 
other cytokines sufficiently [168, 232-247]. Many of the cytokines which mediate 
the cross-talk between immune cells are produced by DCs, and thus termed “den- 
drikines”. They are not alone and are quite complex with microarray assays now 
revealing substantial complexity of the network of cytokines playing both synergis- 
tic and antagonistic roles in the tumor environment (Fig. 4). Rather than introduc- 
ing single cytokines, we believe it is more plausible to deliver multiple cytokines pro- 
duced following the coordinate interaction of DCs and NK cells, with the expecta- 
tion that efficient adaptive immune responses will ensue, overcoming the polarized 
and only partially effective adaptive immune response identified in the cancer 
patient. Indeed, evidence that there is immune suppression in the peripheral blood 
of patients with cancer has continued to be provided by our group [248-251] as 
well as others. 



Hypothetical impact of inducing an acute inflammatory response to 
cancer with NK cells and DCs 

Although DC-based immunizations are effective in inducing CTL-responses against 
cancer cells, clinical responses are rarely observed. Similarly, adoptively transferred 
T cells are effective only in limited types of cancer. We hypothesize that chronic 
inflammation, which clearly precedes progression of cancer in many cases and is 
present in the tumor microenvironment after the change into invasive malignant dis- 



30 




Cancer as chronic inflammatory disease: role of immunotherapy 




prolL IS 
IL ^ 
TGF0 



CD1 + & CD14+ Only CD14+ 

IL-P Factor XIII 

IL-S 



+TNF/I L- 1 /IL ‘6/PGEj + IPS, CD40L or TNf IL -2 

CCL17 (TARC) +a-Ca!Cer t IL-4 

CCL22 (MDS-1J IL-8 CCRF p40 IL-5 

CCL5 (RANTES) MMIF RANTES p35 IL-6 



TUE n 



n .it 



r.Jr^l,n 



rnofikjrD.i urfi.n £ir 



ii in 



Figure 4 

NK cells/DCs promote an adaptive immune response. 

Our current understanding of early events in antigen uptake and processing by myeloid ceils 
involves uptake of antigen by macrophages in the tissues and its complete degradation. 
When immune stimuli promote more of an immature dendrite cell pattern , antigen is 
processed and then protected from further degradation by association with Class I and Class 
II molecules. Transformation to mature dendritic cells by factors released by NK cells or bac- 
terial products allows lymphatic entry and traffic to secondary nodal sites where interaction 
with resident B cells and T cells , as well as postulated NK cells and NK cells/T cells present- 
ing antigen and other information derived in the tumor microenvironment , to enable initia- 
tion of the adaptive immune response , linking these cells with the innate immune response. 
Interestingly the cross-talk of inflammatory mediators is substantial and differs during dif- 
ferent phases of the immune response. Coordinate interaction of the monokine or den- 
drikines and chemokines and their respective receptors enables the next set of interactions 
to occur. The fine interaction of the adaptive immune response with each other and innate 
inflammatory cells is mediated by a series of lymphokines, equally complex in their biology. 
LPS, lipopolysaccharide; GM-CSF, granulocyte-macrophage colony-stimulating factor; mCSF r 
monocyte colony-stimulating factor; iDC, immature DC; mDC, mature DC. 
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ease has occurred, is suppressive for anti-cancer effector cells. This supports the 
need to reinitiate acute inflammation. In this respect, we are turning our studies to 
combination cellular therapy. We propose that direct application of NK cells and 
DCs in the tumor microenvironment will create an acute inflammatory focus in the 
tumor, and promote the development of an effective anti-tumor immune response 
[17, 20, 209, 210]. We hypothesize that NK cells will enhance DC function and vac- 
cine efficacy in driving the expansion of tumor-reactive T cells that may be recruit- 
ed into the tumor microenvironment and mediate tumoricidal effects. We also 
hypothesize that NK cells delivered intra-tumorally, particularly in combination 
with DCs, will result in the apoptotic (via Fas ligand, TNF, and granzyme) and 
necrotic (perforin) death of tumor cells that will enhance cross-presentation by DCs 
and the development of new anti-tumor T cells. In this setting inflammatory medi- 
ators, tissue-breakdown products, and both inflammatory and non-inflammatory 
cells such as endothelial cells [252-255] and macrophages will be delivered into the 
peripheral blood. It is in this setting that we imagine that some of the biomarker and 
surrogate measures will be most effective. The ability to either suppress macrophage 
products which limit the nature of the inflammatory response in the setting of 
chronic infection and/or enhance the NK cell/DCs interactions promoting IL-1 fam- 
ily members and/or IL-12 family member production by DC’s seems like a plausible 
strategy to enhance new T cell reactivity. 



Future immunotherapeutic strategies 

The twin premises of weak antigens and lack of immune responses which were the 
operative paradigms of the last 50 years have now been subjected to a major test. 
As such, interestingly, the current stage of evolution of immunotherapies for cancer 
is in a bit of a quandary. We have come through a period where cancer was thought 
to have little in the way of antigenic targets, being largely derived from normal cells 
with little in the way of an immune response. We now recognize that the immune 
response to tumor is well established in most tumors and that modifying immunity 
will require earlier application of novel agents and their evaluation in the setting 
when suitable biomarkers and surrogates can be tested. 



The notion of weak antigens 

Many of the tissue-specific targets can be recognized by antibodies or T cells. Fur- 
thermore, the genomic instability of cancer is capable of generating a plethora of 
targets for immune recognition. The identification and testing of these targets as 
immunogens has arguably engaged the major efforts of tumor immuologists for the 
last decade, with the notion that induction of an inflammatory response was rela- 
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tively straightforward. The paucity of clinically important responses, arguably in the 
most advanced settings of disease, has not confirmed these hopes or expectations of 
focusing on the afferent limb of the immune response. 



The notion of immunologic quiescence 

The other major sentiment has been that the tumor was quiescent immunologically. 
Pro-inflammatory stimuli including BCG and C. parvum , and administration of 
IFNa, IL-2, TNF, IL-12, and IL-18 were driven by mouse models of acute inflam- 
mation, resulting in enhanced afferent stimuli for an immune response. Although 
occasional responses, especially in what we now recognize as immunologically 
responsive neoplasms, melanoma, renal cell carcinoma, and lymphoma, were 
observed, clear delineation of the mechanisms for this response or predicting 
response have been slow in coming. Indeed, with the exception of most childhood 
neoplasms, tumors arising later in life are the end result, in most instances, of a com- 
plex interplay of immune cells and host stromal and epithelial cells. Tumors arise in 
the setting of chronic inflammation and the prognosis for individuals with virtually 
every tumor type is tied to the level of inflammatory cells - NK cells, T cells, and 
DCs - found within it. As such the tumor is not seen as a silent, immunologically 
quiescent manifestation of genes gone awry but rather the genetic alterations are 
seen as Darwinian consequences of inflammation-mediated destruction and selec- 
tion. 



Paradigmatic shifts focus on anti-inflammatory strategies prior 
to tumorigenesis and pro-infammatory effector strategies following 
establishment of a neoplastic clone 

So, the immunotherapies of the future for most adult neoplasms will focus on the 
earliest and most amenable to change. This will include identifying and eliminating 
the causes of chronic inflammation or limiting the chronic inflammation. An exam- 
ple of this type of therapy will be the paradigmatic application [6, 50, 57, 256-258] 
of cyclooxygenase 1 and 2 inhibitors in the setting of polyps arising in the colon, 
hysterectomy, or conization for women with advanced cervical intraepithelial neo- 
plasia, and the widespread immunization of individuals for Hepatitis B. More prob- 
lematic is the treatment of a patient with an established malignant neoplasm. Most 
thoughtful individuals would agree that earlier application of immunotherapy will 
be more effective, when applied in the adjuvant postoperative or neoadjuvant pre- 
operative period following resection of a neoplasm. We favor strategies focusing on 
the efferent limb of the immune response, enabling delivery of activated NK cells 
and DCs to promote not only better tumor eradication by recruited and newly elicit- 
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ed T-effector cells, but the elimination of regulatory T cells, and the drive for new T 
cells accompanying host tumor destruction. The best exemplar of this strategy has 
been the application of adjuvant IFNa in the setting of melanoma, the direct deliv- 
ery of LAKs or DCs into established neoplasms, and the administration of antibod- 
ies to cytotoxic T lymphocyte antigen 4 (CTLA4) to block some of the function of 
regulatory T cells. Understanding the signals involved in generation of the chronic 
inflammatory response and focusing on those most amenable to therapeutic inter- 
vention will likely be the beginnings of a more sound and rational oncologic arma- 
mentarium. 



Identification of blood biomarkers and surrogates of cancer 
and the host response 

We have now embarked on a discovery strategy designed to identify means to apply 
earlier therapies in the clinic, perhaps during the adjuvant or neoadjuvant period. 
The earlier application of therapies before the tumor-host interaction is so disor- 
dered to preclude correction. We believe it will be necessary to test some of the novel 
strategies suggested above in the setting where blood surrogates are validated and 
useful to guide therapy [259-261]. 
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Introduction 

Chemokines comprise a group of closely related chemotactic cytokines that are pri- 
marily involved in movement of cells [1], Chemokines are small proteins (mostly 
8-14 kDa) and can be classified by structure into four groups (C, CC, CXC, CX 3 C) 
defined by the number and spacing of cysteines in highly conserved positions in the 
N-terminal region of the protein. 

All chemokines bind to chemokine receptors that are seven-transmembrane- 
domain G-coupled proteins. The majority of chemokine receptors can bind more 
than one chemokine, but the receptors are generally specific for each subfamily, 
hence receptor nomenclature follows that of the chemokines; e.g. receptors for CC 
chemokines are designated CCR and those for CXC chemokines CXCR. Figure 1 
summarizes the known human chemokine receptors and their families. Chemokine 
receptor ligand pairs can be categorized into several classes depending on whether 
the ligand is constitutively produced or inducible. Most pro-inflammatory chemo- 
kines are inducible and their receptors bind several different chemokine ligands. 
Many different cells express chemokine receptors; however, they are predominantly 
expressed on leukocytes. Subsets of leukocytes express different chemokine recep- 
tors and this allows them to respond to a range of inducible or homoeostatic 
chemokines during normal and pathologic processes. 

Many cancers express an extensive network of chemokines and chemokine 
receptors [1-3]. These tumors are characterized by disregulated production of 
chemokines and abnormal chemokine receptor signaling and expression [4, 5]. 
Tumor-associated chemokines are thought to play at least five roles in the biology 
of primary and metastatic disease: control of the leukocyte infiltrate into the tumor, 
manipulation of tumor immune response, regulation of angiogenesis, action as 
autocrine or paracrine growth and survival factors, and control of the movement of 
tumor cells themselves. Hence, these biological activities of chemokines in the tumor 
microenvironment are just as likely to contribute to cancer growth and spread as to 
any host anti-tumor response. 
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Figure 1 

Classification of chemokine receptors and their ligands. 

The four chemokine receptor families are grouped as " shared" if they bind more than one 
ligand, " specific " if they only bind one ligand, and if they bind chemokines but do not sig- 
nal " non-signalling Viral chemokine receptors and their chemokine ligands are also shown. 
A further classification can be made where chemokine receptors are grouped into inducible, 
inflammatory (in the green area) oder constitutive and basal trafficking/homing (in the red 
area). 

Control of the tumor-associated leukocyte infiltrate by chemokines 

Most solid tumors, be they of epithelial, mesothelial or haemopoietic origin, com- 
prise a mixture of malignant cells and host stromal cells. Stromal cells are recruited 
into the tumor tissue and are integral to growth of primary tumor and spread of 
metastases [6-8]. Macrophages, lymphocytes, endothelial cells and fibroblasts are 
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found in all solid cancers with eosinophils, granulocytes, natural killer cells and B 
cells also reported in some tumor types. 



Chemokine production in human cancers 

The leukocyte infiltrate of malignant lesions may have both positive and negative 
effects on tumor growth [9-12]. There is increasing evidence that these cells, espe- 
cially macrophages, are a major source of growth factors, angiogenic factors, 
inflammatory cytokines and chemokines. Collectively these cytokines have pro- 
found effects on endothelial, epithelial and mesenchymal cells within the tumor 
microenvironment. It is also now clear that the extent and phenotype of the leuko- 
cyte infiltrate in solid tumors is related to local production of chemokines by both 
tumor and stromal cells. CC chemokines in particular are major determinants of 
macrophage and lymphocyte infiltration, for instance in human carcinomas of the 
breast and cervix, squamous cell carcinomas, sarcomas and gliomas, and Hodgkin’s 
disease [2, 13]. 

For instance, the majority of cases of Hodgkin’s disease are characterized by a 
complex chemokine network that includes chemokines CCL17 (TARC), CCL11 
(eotaxin), CCL22 (MDC), which attract Th2 lymphocytes, as well as Thl -attract- 
ing chemokines CXCL10 (IP-10), CXCL9 (Mig-1), CCL2, CCL3, CCL5 and 
CXCL1 (gro/MGSA) [5]. In chronic lymphocytic leukemia (CLL), there is evidence 
that CD40 ligand stimulation of leukemic cells leads to production of CCL22 and 
CCL17. These chemokines caused migration of activated T cells in vitro and such T 
cells are also found in CLL lymph nodes and bone marrow. Thus malignant B cells 
can chemo-attract CD4 + T cells that in turn induce strong chemokine production by 
the leukemic clone, leading to progressive accumulation of leukemic cells [14]. 

The predominant infiltrating cells in ovarian cancer are macrophages and CD8 + 
T lymphocytes [8]. CCL2 localized to epithelial areas of the tumor [15] and corre- 
lated with the extent of lymphocyte and macrophage infiltration [8]. CCL3 (MIP- 
la), CCL4 (MIP-1|3) and CCL5 (RANTES) were also present in solid ovarian 
tumors, and localized to tumor-infiltrating leukocytes. CCL5 expression also corre- 
lated with the extent of CD8 + T lymphocyte infiltration [8]. 

Ascites formation is a common occurrence in human epithelial ovarian cancer. 
mRNA and picomolar to nanomolar levels of protein for CCL2, CCL3, CCL4, 
CCL5, CCL8 (MCP-2) and CCL22 were found in the ascites cells and ascitic fluid 
[16]. Ascitic fluid contained variable numbers of tumor cells, macrophages and 
CD3 + T lymphocytes that were predominantly CD4 + . A direct correlation was 
found between CCL5 concentration in ascitic fluid and CD3 + T cell infiltrate [16]. 
Most of the data suggest that macrophages and tumor cells produce chemokines but 
tumor-associated fibroblasts may also be a source of chemokines and be involved in 
the recruitment of mononuclear cells, e.g. through production of CCL2 [17]. 
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There are conflicting data on the prognostic significance of chemokine produc- 
tion and the tumor-associated leukocyte infiltrate. For instance, in breast cancer 
there is a positive correlation between macrophages, lymph node metastasis and 
clinical aggressiveness, and the tumor cells have been reported to produce CCL2 
(MCP-1) and CCL5 (RANTES) [18, 19]. CCL5 levels correlated with tumor pro- 
gression with only minimal chemokine expression found in benign breast disease 
[20]. Levels of CCL2 expression also correlated with breast cancer progression and 
macrophage accumulation, but were additionally found to relate to levels of MT1- 
MMP, the angiogenic factor thymidine phosphorylase and microvessel density in 
tumor sections [19]. 

The extent of CCL2 expression by the mononuclear cell infiltrate was signifi- 
cantly associated with tumor cell invasion, and macrophage and vessel counts in 
squamous cell carcinomas [21]. In contrast, CCL5 expression by tumor cells in non- 
small-cell lung cancer patients was associated with an “active lymphocyte response” 
and was a positive predictor of survival in this cancer [22]. 



Chemokine receptor profiles of infiltrating cells in cancer 

Despite abundant chemokine expression in epithelial tumors, available data suggest 
that there is limited expression of chemokine receptors on tumor-associated leuko- 
cytes. CCR1 was the only CC chemokine receptor consistently expressed within the 
solid ovarian tumors and this localized to infiltrating CD68 + macrophages and 
CD8 + lymphocytes [23]. Downregulation of chemokine receptors on tumor-associ- 
ated leukocytes may be due to high levels of chemokine ligands or inflammatory 
cytokines such as tumor necrosis factor a (TNFa) [24]. Altered physiological con- 
ditions such as hypoxia may also alter chemokine receptor profiles and response to 
chemokines in the tumor microenvironment [25]. The expression of chemokine 
receptors was markedly different in the ascitic form of ovarian cancer where leuko- 
cytes expressed a wide range of chemokine receptors at levels comparable to those 
found circulating in the periphery [16]. This may reflect the differences in microen- 
vironment between the solid and “liquid” forms of this malignancy. 

In Hodgkin’s disease CCR3, which binds CCL11, was detected in some but not 
all cells of the reactive infiltrate [5]. The expression profile of this chemokine recep- 
tor was abnormal; not only T cells but also B cells, which do not normally express 
this receptor, stained positive. The receptor for CXCR3, which binds CXCL10 (IP- 
10) and CXCL9 (Mig-1), was moderately upregulated on CD4 + T cells in the tumor. 

Although the data on chemokine expression by tumor-associated leukocytes are 
limited, it is possible that in the presence of multiple chemokine gradients restricted 
expression of chemokine receptors in solid tumors may permit concise control of the 
extent and movement of the infiltrating leukocytes in the tumor, encouraging their 
retention within the tumor. 
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Chemokines and immune suppression in tumors 

Infiltrating leukocytes may not only contribute to tumor progression by produc- 
ing matrix metalloproteinases (MMPs) and growth, angiogenic and immunosup- 
pressive factors, but the profile of the cells attracted by chemokines to the tumor 
may contribute to an immunosuppressive environment. There is often a preva- 
lence of Th2 cells in tumors and this polarization may be a general strategy to 
subvert immune responses against tumors [2]. Hodgkin’s disease, for instance, is 
characterized by constitutive activation of nuclear factor kB (NF-kB) and over- 
production of Th2 cytokines and chemokines into the tumor, causing an influx of 
Th2 cells and eosinophils [5]. These reactive cells are thought not only to con- 
tribute to proliferation and survival of the malignant cells, but to suppression of 
cell-mediated immunity. Chronic exposure to high chemokine concentrations in 
the tumor microenvironment may encourage activated Type II macrophages that 
release immunosuppressive interleukin- 10 and transforming growth factor (3 
(TGF|3) [26]. These macrophages may also release CCL2, which could contribute 
to a Th2-polarized immunity [27] and stimulate a Type II inflammatory response 
[ 2 ]. 

Tumors are also known to inhibit dendritic cell 1 (DC1) migration and function, 
thus suppressing any specific immune response. In ovarian cancer, there is evidence 
that tumor cell production of CXCL12 weakens immunity by attracting and pro- 
tecting CXCR4-expressing preDC2 cells, and altering preDCl distribution, immu- 
nity and stimulation of fibrosis [28]. Another example of a strategy to encourage a 
Th2 environment in tumors comes from Kaposi’s sarcoma. The viral genome 
encodes three chemokines (vMIPI, II and III) that are selective attractants for polar- 
ized Th2 cells [29]. 



Angiogenic and angiostatic chemokines exist in the tumor 
microenvironment 

Chemokines may also regulate angiogenesis in the epithelial tumor microenviron- 
ment. CXC chemokines containing the three-amino-acid motif glutamine-leucine- 
arginine (ELR), such as CXCL8 (interleukin-8), CXCL1, CXCL5 (ENA-78), 
CXCL6 (GCP-2) and CXCL7 (NAP-2), promote angiogenesis [30]. They are direct- 
ly chemotactic for endothelial cells and can stimulate angiogenesis in neo-vascular- 
ization experiments in vivo . Elevated levels of CXCL5 were found, for instance, in 
primary non-small-cell lung cancer and correlated with the vascularity of the tumors 
[31]. In contrast CXC chemokines lacking the ELR motif, such as CXCL9 and 
CXCL10, are often anti-angiogenic [30]. Levels of CXCL10 in human lung cancers 
were inversely related to tumor progression [30]. 
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Chemokines and tumor cell growth 

As well as promoting angiogenesis, deregulated chemokines may contribute direct- 
ly to transformation of tumor cells by acting as growth and survival factors, gener- 
ally in an autocrine manner. This action of chemokines has been extensively char- 
acterized in malignant melanoma. CXCL1 and CXCL8 are constitutively produced 
by melanoma cells, but not by untransformed melanocytes [1, 4, 32]. Melanoma 
cells also show elevated levels of the CXCR2 receptor for these chemokines, and 
autocrine chemokine stimulation enhances survival, proliferation and tumor cell 
migration [4, 33]. In addition, CXCL8 and CXCL1, as well as the CC chemokine 
CCL20 (MIP-3J3), all stimulate growth of pancreatic tumor cell lines [34, 35]. 

In epithelial ovarian cancer, tumor cells express CXCR4 and its ligand CXCL12 
enhances tumor cell proliferation in conditions of sub-optimal growth [36]. This 
autocrine chemokine stimulation may also have paracrine implications because 
CXCL12 stimulated the production of TNFa by ovarian tumor cells. Production of 
TNFa in the tumor microenvironment has been implicated in tumor progression 

fa- 
inter actions between CXCL12 and CXCR4 also stimulate growth of prostate 
cancer cells [38], growth and survival of glioblastoma cells [39, 40], and growth of 
malignant plasma cells of multiple myeloma [41]. The survival effects of CXCL12/ 
CXCR4 are at least partially regulated by phosphorylation of Akt in many of these 
cancer cells. 

The ability of tumor cells to proliferate in response to chemokines appears to 
have been exploited by the human Kaposi’s sarcoma herpes virus (KSHV). The 
KSHV genome encodes a G-protein-coupled receptor that signals constitutively and 
is structurally similar to CXCR2 [42]. Expression of this receptor is associated with 
cellular transformation. Cells transfected with a constitutively signaling mutated 
CXCR2 are similarly transformed [43]. Transgenic mice overexpressing the KSHV- 
GPCR under the control of the CD2 promoter develop lesions with remarkable sim- 
ilarity to Kaposi’s sarcoma [44]. 



Chemokine gradients and the spread of malignant cells 

Chemokines are central to trafficking of leukocytes and it seems that mechanisms 
utilized in homing of leukocytes in both pathological situations and during home- 
ostasis, may also used by tumor cells. Restricted and specific expression of chemo- 
kine receptors, especially CXCR4 and CCR7, by tumor cells may be one important 
step in the development of site-specific metastasis. For example, tumor cells from 
breast, prostate, pancreatic, gastric and ovarian carcinomas, neuroblastoma, 
glioblastoma, melanoma, thyroid cancer, multiple myeloma, cutaneous T cell lym- 
phoma and some leukemias express a limited and highly specific range of chemo- 
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kine receptors (e.g. [45-52]). Generally only one or two of the known chemokine 
receptors are expressed on each tumor type. In breast, prostate and ovarian cancer, 
neuroblastoma, melanoma and some forms of leukemia, the respective ligand is 
strongly expressed at sites of tumor spread. Expression of CCR7 and CCR10 on 
melanoma cells, for example, was linked to expression of ligands for these receptors 
at the two major sites of metastasis, skin and lymph nodes [46]. Functional CCR7 
and CXCR4 chemokine receptors are found on human breast cancer cells [46]. The 
ligand for CCR7, CCL21 (SLC), is highly expressed in lymph nodes and in a tissue 
screen strong expression of the ligand for CXCR4, CXCL12 (SDF-1), was only seen 
in the target organs for breast cancer metastases. Moreover, breast cancer cells 
migrated towards tissue extracts from these target organs, and chemotaxis could be 
partially abrogated by neutralizing antibodies to CXCR4 [46]. Vascular endothelial 
growth factor (VEGF) expression may be linked to high levels of CXCR4 expres- 
sion on breast cancer cells [53]. In breast cancer cell lines, a VEGF autocrine path- 
way induces CXCR4 expression, promoting their migration towards CXCL12. 
Using high-density tissue microarrays from 600 patients, Sun et al. [38] found that 
CXCR4 protein expression was significantly elevated in localized and metastatic 
prostate cancer compared to normal or benign prostate tissue. CXCL12 protein lev- 
els were found to be higher in metastatic, compared to normal, prostate tissue. 

Gastric cancer cells expressed CCR7 and responded to its chemokine ligands by 
directed migration in vitro [49]. In biopsies from this disease, 66% of cases con- 
tained CCR7-positive tumor cells and there was a significant difference in both 
lymph-node metastasis and lymphatic invasion between CCR7-positive and -nega- 
tive cases. Stepwise regression analysis showed that the most important factor deter- 
mining lymph-node metastasis in gastric cancer was CCR7 expression in the pri- 
mary tumor. Expression of CCR7 in CLL correlated with clinical lymphadenopathy 
and its ligands CCL21 and CCL19 were located in high endothelial venules [54]. 

When biopsies from classical Hodgkin’s disease where compared to the nodular 
lymphocyte predominant subtype, differences in chemokine receptor expression by 
tumor cells and chemokine ligand expression by the reactive cells in the tumor nod- 
ules were seen [55]. These differences might contribute to specific localization and 
confinement of neoplastic cells within the target organs of different types of 
Hodgkin’s disease. 

Animal cancer studies provide some experimental proof that cancer cells may co- 
opt normal mechanisms of chemokine-directed leukocyte homing to lymph nodes. 
When B16 melanoma cells were transduced with a retroviral vector containing 
cDNA for the chemokine receptor CCR7, metastasis to lymph nodes was increased 
[56]. Conversely when the same cells were transfected with the CXCR4 receptor 
they had a marked increase in the ability to form lung metastases, but spread to 
lymph node, liver and kidney was rare [57]. 

However, the process of metastasis is complex multi-step process. There are 
several stages at which the interaction between tumor cell chemokine receptors 
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and their ligands could be important. For instance, in epithelial ovarian cancer, 
CXCR4 was the only one of 14 chemokine receptors investigated that was 
expressed by a panel of ovarian cancer cell lines [45]. The CXCR4 ligand CXCL12 
was present in nanogram quantities in ascitic fluid from ovarian cancer patients. 
Stimulation of CXCR4 induced a calcium flux and directed migration of the 
tumor cells. Moreover, CXCR4 was expressed on a subset of cells in primary ovar- 
ian tumors, and more strongly expressed by tumor cells in ascites. Our initial con- 
clusion was that this chemokine receptor-ligand interaction could be involved in 
peritoneal spread of this cancer. However, in agreement with Zhou et al. [28], we 
then found that the CXCR4 ligand CXCL12 was also expressed strongly by tumor 
cells in the solid ovarian cancer biopsies [36]. As described above, stimulation of 
CXCR4-expressing ovarian tumor cells with CXCL12 not only promoted invasion 
of cells through extracellular matrix, but caused production of the pro-inflamma- 
tory cytokine TNFa and increased cell proliferation under sub-optimal conditions 
[36]. Taken together these chemokine actions may allow tumor cells to grow in 
distant and less favorable sites and, via the pro-inflammatory cytokine TNFa, ini- 
tiate a cytokine network in the surrounding stroma. However, the significance of 
high levels of tumor-derived CXCL12 at the site of the primary lesion is not under- 
stood. Although this may stimulate tumor growth, it could also serve to retain the 
malignant cells, rather than encourage metastasis. This hypothesis would be sup- 
ported by observations that CXCR4 antagonists promote the release of stem cells 
from bone marrow by neutralizing CXCL12-CXCR4 interactions that normally 
retain cells in this microenvironment [58]. However, migration of primordial germ 
cells in zebrafish embryos is largely controlled by expression of CXCL12. A 
remarkable correlation was recorded between spatio-temporal expression of 
CXCL12 and location of primordial germ cells at different development stages, 
suggesting that CXCL12 can provide a key directional cue in a very localized man- 
ner [59]. 

To further understand the role of CXCR4 expression in ovarian cancer, we over- 
expressed CXCR4 in an ovarian cancer cell line, SKOV-3 that had low basal expres- 
sion of this chemokine receptor (Kulbe et al., unpublished observations). CXCR4- 
transfected cells responded in a similar fashion to ovarian cancer cells, which natu- 
rally express CXCR4; stimulation with the CXCR4 ligand CXCL12 resulted in 
directed migration and invasion, proliferation under sub-optimal growth condi- 
tions, increased adhesion to fibronectin and induction of mRNA for TNFa. How- 
ever, there were differences between CXCR4-transfected and mock-transfected con- 
trols when tumor cells were grown as intraperitoneal xenografts. Although CXCR4 
transfectants generated a lower volume of tumor in the abdominal cavity, they 
formed a greater number of invasive and metastatic foci. CXCR4-expressing tumor 
deposits were widely disseminated into organs such as the mesenteric tissue, ovaries, 
lymph nodes, pancreas, thoracic cavity, lungs, and colon. These highly invasive 
tumors also had poor histological differentiation and higher mitotic index when 
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compared to mock-transfected cells. We believe that acquisition of CXCR4 expres- 
sion by tumor cells leads to increased adhesion to the extracellular matrix, increased 
invasiveness and increased survival at distant sites. 



Targeting the chemokine network in tumors 

There are a number of areas where manipulation of chemokines and their receptors 
could be therapeutic in cancer. A change in the extent and composition of the leuko- 
cyte infiltrate could inhibit angiogenesis, survival and spread of tumor cells. Manip- 
ulation of some tumor chemokines could also directly affect angiogenesis. Direct 
inhibition of the action of tumor cell chemokine receptors may prevent or delay 
lymph node and haematogenous metastases and may decrease survival of tumor 
cells at the site of the primary tumor or metastatic deposits. However, in spite of 
extensive pre-clinical studies of chemokine and chemokine receptor antagonists in 
inflammatory and infectious disease models [60], there are little published data on 
such strategies in models of malignant disease. 



Manipulation of the leukocyte infiltrate 

As described above, the macrophage/lymphocyte balance of the tumor infiltrate 
appears to be a critical factor in the development of cancer [61]. For instance, over- 
expression of the cytokine colony-stimulating factor 1 (macrophage-colony-stimu- 
lating factor) in a mouse model of mammary cancer increased infiltration of 
macrophages and accelerated tumor invasion and metastasis [62]. Stromal-cell 
derived MMP-9, most likely from tumor-associated macrophages, plays a critical 
role in angiogenesis and growth of ovarian cancer xenografts in nude mice [63]. 
Direct evidence for the involvement of chemokines in this stromal tumor promotion 
comes from studies of melanoma cell lines growing in nude mice. The effects of 
tumor-derived CCL2 depended on the level of secretion [11]. Low-level production 
of CCL2 was associated with modest macrophage infiltration, tumor formation and 
neo-vascularization of the tumor mass. High CCL2 secretion led to massive macro- 
phage infiltration and destruction of tumor cells [11]. Attempts to decrease 
macrophage infiltration in tumors by neutralizing chemokines/receptors or chemo- 
kine antagonists seem warranted, but there are little published data. 

However, we have recently studied the action of the chemokine receptor antag- 
onist metRANTES in experimental breast cancer [64]. CCL5 (RANTES) was pro- 
duced by 410.4 transplantable tumor cells and its receptors, CCR1 and CCR5, were 
expressed by the leukocyte infiltrate. As Met-CCL5 is an antagonist of CCR1 and 
CCR5 with activity in models of inflammatory disease, we tested its activity against 
410.4 tumors. After 5 weeks of daily treatment with Met-CCL5, the volume and 
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weight of 410.4 tumors were significantly decreased compared with control-treated 
tumors. Met-CCL5 was also active against established tumors. The total cell num- 
ber obtained after collagenase digestion was decreased in Met-CCL5-treated tumors 
as was the proportion of infiltrating macrophages. Furthermore, chemokine antag- 
onist treatment increased stromal development and necrosis. 

Another approach to chemokine therapy of cancer is to overexpress certain 
chemokines in the tumor microenvironment. In the past 10 years many experimen- 
tal animal studies have shown that overexpression of chemokines can increase 
tumor-associated leukocyte numbers and phenotypes with concomitant stimulation 
of destructive immune or inflammatory responses. This was first shown by overex- 
pressing CCL2 in experimental tumors and stimulating a destructive macrophage 
influx [65]. Overexpression of CCL20 (MIP-3|3) suppressed tumor growth by 
attracting dendritic cells to activate tumor-specific cytotoxic T lymphocytes [66]. 
CCL19 (MIP-3|3) overexpression mediated rejection of murine breast tumors in a 
natural killer (NK) cell- and CD4 + T cell-dependent manner [67] and CCL21 
(6Ckine) reduced growth of a colon carcinoma cell line in mice using a similar 
mechanism [68]. In contrast to the above results, overexpression of CCL3 in B16 
melanoma cells did not stimulate an effective anti-tumor response but prevented the 
initiation of metastases [69]. Direct injection of chemokines may achieve the same 
effect. When CCL21 was injected into axillary lymph-node-draining experimental 
lung tumors, extensive lymphocyte and dendritic cell infiltration into the tumors 
and enhanced mouse survival [70]. Enhanced production of Thl cytokines and anti- 
angiogenic chemokines was noted accompanied by decreased lymph node and 
tumor site production of TGFp. However, these gene-delivery approaches have not 
yet been translated into clinical trial. 



Chemokines in anti-angiogenic strategies 

In experimental models using human non-small-cell lung cancer cell lines grown in 
SCID mice, neutralization of CXCL5 [31] and CXCL8 [71] reduced tumor growth, 
vascularity and metastasis but had no direct effect on cell growth in vitro. The ELR + 
chemokine CXCL8 was also important in promoting angiogenesis and tumorigene- 
sis in human ovarian cancer xenografts implanted into the peritoneum of nude mice 
[72]. In this study, mouse survival was inversely associated with CXCL8 expression 
within the tumor. Over expression of the ELR" chemokines CXCL9 and CXCL10 
inhibited the growth of Burkitt’s lymphoma tumors established in nude mice [73]. 
Likewise, administration of intra-tumoral CXCL10 inhibited NSCLC tumorigenesis 
and metastasis in SCID mice [71]. CCL21 (6Ckine) also inhibited growth and angio- 
genesis of human lung cancer cell lines in SCID mice [74]. Thus chemokines con- 
tribute to the network of pro- and anti-angiogenic factors in tumors and could be 
useful targets. 
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Chemokine antagonists and metastases 

Chemokine receptor antagonists may also have direct actions on tumor cells. In this 
respect there are three published pre-clinical studies of antibodies that neutralize 
chemokines or chemokine receptors. As described above, B16 melanoma cells trans- 
duced with a retroviral vector containing cDNA for the chemokine receptor CCR7 
showed increased lymph-node metastasis [56]. Lymphatic spread of these CCR7- 
transfected cells was blocked by neutralizing antibodies to the CCR7 ligand, CCL21 
[56]. A majority of non-Hodgkin’s lymphoma cells express CXCR4 and treatment 
of cells in vitro with neutralizing antibodies to CXCR4 inhibited cell migration and 
pseudopodium formation, and decreased proliferation [75]. In an animal model of 
human high-grade NHL, CXCR4 neutralization delayed tumor growth, reduced the 
weight of any tumors that subsequently developed and significantly increased mouse 
survival (75]. Finally, neutralizing antibodies to CXCR4 also suppressed lymph- 
node metastasis in a xenograft model of a CXCR4-expressing breast cancer [46]. 



Conclusions 

The chemokine network in human tumors is complex and its role is only partially 
understood. There is a great deal of information on potential roles of individual 
chemokines, but more work is needed to define the overall chemokine and 
chemokine receptor profile of individual tumor types, and the cells within them. The 
chemokines that are produced by human tumors are part of an even more complex 
network of inflammatory, immunomodulating and growth-promoting cytokines, lit- 
tle is known about interactions between all these mediators. A common theme is 
emerging of the involvement of constitutively activated NF-kB in chemokine dereg- 
ulation in cancers. Many of the processes that chemokines mediate during wound 
healing and inflammation are also active in cancer. The only differences are that 
chemokine production is generally disregulated in cancer and, as in chronic inflam- 
matory disease, chemokine production is sustained and not self-limiting. 

Pre-clinical studies of chemokine antagonists in animal cancer models are war- 
ranted, as are investigations of tumor development and spread in animals deficient 
in individual chemokines or receptors. Such experiments could provide a rationale 
for novel approaches to cancer treatment where manipulation of the chemokine bal- 
ance could be a useful adjunct to existing biological therapies of cancer. 
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Matrix metalloproteinases (MMPs): structure, regulation, localization, 
and function 

MMPs are a family of at least 25 highly homologous secreted or plasma membrane- 
associated zinc-binding proteinases (reviewed in [1, 2]). MMPs can be produced by 
virtually all cell types, and regulate many developmental processes and a variety of 
pathological conditions, including, but not limited to, cancer, auto-immune diseases, 
and periodontitis. 



Structure 

Based on their domain organization, MMPs can be classified into eight groups, five 
of which are secreted and three of which contain transmembrane domains and are 
expressed as cell surface enzymes (membrane-type MMPs (MT-MMPs)) (Fig. 1). All 
MMPs are expressed as pre-pro proteins where the N-terminal signal sequence (pre- 
domain) directs transport to the endoplasmic reticulum. Propeptide domains con- 
tain a zinc-interacting sulfhydryl group and maintain enzyme latency. In addition, 
MMPs contain a catalytic domain with a conserved zinc-binding site [1]. With the 
exception of the minimal-domain MMPs (MMP-7 and MMP-26) and the Type II 
transmembrane MMP (MMP-23), all MMPs contain a hemopexin domain adjacent 
to the catalytic domain linked via a hinge region. Hemopexin domains are believed 
to mediate interactions with tissue inhibitors of MMPs (TIMPs), some cell-surface 
molecules and proteolytic substrates [3, 4]. The MT-MMPs have a transmembrane 
domain, or a C-terminal glycosylphosphatidylinositol-anchoring domain with 
which they are covalently linked to plasma membranes, and are thought to play a 
crucial role in localizing some proteolytic activities to the cell surface [5, 6]. Other 
MMP structural classes are distinguished by the presence of additional functional 
domains, such as collagen-binding fibronectin type II inserts within the catalytic 
domain of the gelatin-binding MMPs (Fig. 1). Although MMP family members 



Cancer and Inflammation, edited by Douglas W. Morgan, Ulf J. Forssmann and Marian T. Nakada 
© 2004 Birkhauser Verlag Basel/Switzerland 



71 




Karin E. de Visser and Lisa M. Coussens 



Minimal-domain MMPs 
(MMP-7, -26) 



(PreXPro 



SH 

~ 1 ~~XCatalytic 






Simple hemopexin-domain- 
containing MMPs 
(MMP-1, -3, -8, -10, -12, 
-13, -18, -19, -20, -22, -27) 



SH 

(Pre )(Pro ^Catalytic 




Gelatin-binding MMPs 
(MMP-2, -9) 



SH 



®p ro XCatolytic 



Hemopexin 



Furin -activated secreted 
MMPs 

(MMP-1 1,-28) 



SH 



Hemopexin 



(PreXWo FuX Catalytic Zn 



Transmembrane MMPs 
(MMP-1 4/MT1 -MMP, (PreJ(Pro 

MMP-1 5/MT2-MMP, MMP-1 6/ 
MT3-MMP, MMP-24/MT5-MMP) 



SH 

I 

__ FuX Catalytic 




GPI-linked MMPs 
(MMP-1 7/MT4-MMP, 
MMP-25/MT6-MMP) 



SH Hemopexin 

(PreXPro ' [Fu X Catalytic 

S S 



Vitronectin -I ike insert 
linker-less MMP 
(MMP-21) 



SH 

(PreXP^o (Vn) Fu X Catalytic 



Hemopexin 




S S 



Type II transmembrane MMP 
(MMP-23) 



C /P-rich IL-1 R-lik e 

(PreXPi'Q |FuXCatalytic ZrT ) ^ ^ 



72 





Inflammation and matrix metalloproteinases: implications for cancer development 



share structural organization, they differ in their patterns of mRNA expression, 
mechanisms of activation, tissue localization, and substrate specificity. 



Regulation of MMP expression and activity 

Expression of MMP mRNA is tightly regulated and controlled in a cell-type-depen- 
dent process. MMP mRNAs are regulated by numerous stimulatory and inhibitory 
mediators such as growth factors (e.g. vascular endothelial growth factor (VEGF), 
transforming growth factor |3 (TGF-(3), and epidemial growth factor (EGF)), hor- 
mones (e.g. glucocorticoids), cytokines (e.g. interleukin-1 (IL-1), tumor necrosis fac- 
tor a (TNF-a)), chemical agents (e.g. phorbol esters), and physical stress [7-9]. 
These factors modulate MMP mRNA expression by regulating expression and/or 
activity of transcription factors that interact with activator protein- 1 (AP-1) sites 
and/or the polyoma enhancer activator (PEA3) sites within MMP promotor regions 
[8, 10, 11], although other mechanisms also exist. 

MMP mRNA expression is also influenced by genetic variation [12]. Naturally 
occurring single-nucleotide polymorphisms (SNPs) have been identified in the pro- 
moters of a number of MMP genes [12]. These sequence variations have been 
shown to contribute to inter-individual differences in MMP transcription levels that 
have been linked to susceptibility of various diseases including cancer and coronary 
heart disease [13-15]. As an example, the presence of an additional guanine residue 
in the MMP-1 promoter results in higher MMP-1 transcription levels [16]. This 
polymorphism has been found more frequently in patients with ovarian and col- 
orectal cancer [13, 14], suggesting a role for MMP-1 expression in disease suscepti- 
bility. 

The biological activity of MMPs is tightly regulated posttranslationally. Activa- 
tion of latent MMPs requires interaction between the cysteine sulfhydryl group in 
the propeptide domain with a zinc ion bound to the catalytic domain, otherwise 
known as the “cysteine switch” (reviewed in [1, 17, 18]). Following sulfhydryl-zinc 
interaction, propeptide domains are proteolyticaly removed by proteases, including 



Figure 1 

The MMP family. 

Based on their domain organization, MMPs can be classified into eight groups. Pre, signal 
sequence; Pro, propeptide containing a zinc-interacting sulfhydryl (SH) group; Fu, furin-sus- 
ceptible site; Vn, vitronectin- 1 ike insert; catalytic domain containing a zinc-binding site (Zn); 
F, collagen-binding fibronectin type II insert; H, hinge region; Flemopexin-like domain with 
the first and last repeat linked by a disulfide bond; TM, transmembrane domain; C, cyto- 
plasmic tail; GPI, glycosylphosphatidylinositol-anchoring domain; C/P-rich IL-1 R- 1 ike, cys- 
teine/proline-rich interleukin-1 receptor- 1 ike domain. 
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other active MMPs, serine and cysteine proteases, and the MMP itself (reviewed in 
[1]). Activation of latent MMP-11, -21, and -28, and the MT-MMPs is distinctive 
in that they contain a furin-susceptible insert and are therefore activated intracellu- 
larly by Golgi-associated furin proteases [19]. Pro-MMP-2 is activated in multiple 
steps through a unique pathway involving interaction with active MT-MMP- 
l/MMP-14 and TIMP-2 [20]. 

Both latent and active MMPs are further regulated by endogenous MMP 
inhibitors. A major endogenous inhibitor of MMPs is the abundant plasma protein 
a2-macroglobulin [21]. After forming a complex with a2-macroglobulin, MMPs 
are irreversibly cleared from tissue fluid [21]. Reversible inhibition of MMPs is 
achieved via binding to tissue-localized TIMPs (reviewed in [22, 23]). Four mem- 
bers of the TIMP family have been identified, designated as TIMP-1-4. TIMPs 
exert their MMP-inhibitory function by binding to MMPs in a 1:1 molar stoichio- 
metric fashion, resulting in a complex that then renders the MMP unable to bind 
substrate molecules. Individual TIMPs differ in their ability to inhibit various 
MMPs. As will be discussed in more detail below, TIMPs can inhibit as well as 
stimulate cell invasion, proliferation, metastasis, and angiogenesis through MMP- 
dependent and -independent mechanisms [20, 23-28]. Recent work has identified 
a new cell-surface inhibitor of MMPs, termed reversion-inducing-cysteine-rich pro- 
tein with Kazal motifs (RECK; reviewed in [29]). RECK encodes a secreted glyco- 
protein containing a serine protease-inhibitor-like domain, two domains containing 
EGF-like repeats and a C-terminal domain encoding a glycosylphosphatidylinositol 
modification anchoring RECK to the plasma membrane [30]. To date, at least three 
members of the MMP family have been found to be inhibited by RECK [30, 31]. 
Membrane-anchored RECK inhibits secretion of pro-MMP-9 and both membrane- 
anchored and soluble RECK inhibit the catalytic activity of MMP-2, -9, and -14. 
In addition, RECK inhibits the final processing step of pro-MMP-2 activation; 
however, the exact mechanisms involved in inhibiting MMP secretion and/or activ- 
ity by RECK are still unclear. Interestingly, RECK mRNA is abundantly expressed 
in many normal adult tissues, whereas its expression is suppressed in several tumor 
cell lines [30]. Importantly, restored expression of RECK in tumor cells results in 
decreased secretion of MMP-9 and a suppression of tumor cell invasive activity 
[30]. 

MMP localization and function 

MMP activity is often found localized at or near cell surfaces. Mechanisms for local- 
izing MMPs to this locale include covalent interaction of MT-MMPs to the cell sur- 
face, binding of MMPs to cell-surface receptors, such as the hyaluronan receptor 
CD44, integrins and extracellular matrix metalloproteinase inducer (EMMPRIN) 
[32, 33], and concentration of MMPs on pericellular ECM molecules [34]. MMPs 
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can also be stored in the granules of inflammatory cells - e.g. granulocytes, macro- 
phages, neutrophils, and mast cells - and are released following inflammatory cell 
degranulation [35-40]. 

One important function ascribed to MMP family members is induction of extra- 
cellular matrix (ECM) and basement membrane remodeling. MMPs cleave virtual- 
ly all structural ECM proteins (reviewed in [2, 41]). Besides inducing and/or regu- 
lating structural and barrier changes, MMP-mediated matrix degradation also 
results in release of a variety of factors with distinct biological activities that are 
sequestered in the ECM. 

It has recently become clear that MMP function is more complex than mere ECM 
remodeling. A number of non-matrix substrates have been identified, including 
other proteinases, proteinase inhibitors, clotting factors, chemotactic molecules, 
latent growth factors, growth factor-binding proteins, cell-surface receptors, and 
cell-cell and cell-matrix adhesion molecules (reviewed in [42]). For instance, MMP- 
14 contributes to the activation pathway of MMP-2 by cleaving the N-terminal 
prodomain of pro-MMP-2 [43]. MMP-9 and MMP-2 can proteolytically cleave 
latent TGFp [44], and several osteoclast-derived MMPs can release TGF|3 from bone 
ECM via cleavage of latent TGF|3-binding protein-1 [45]. MMP-8, -12, -13, and -14 
have the capacity to proteolytically process fibrinogen and factor XII of the plasma- 
clotting system [46]. In a coculture of intervertebral discs and macrophages, it was 
shown that MMP-7 is required for release of TNFa from peritoneal macrophages 
[47]. In addition, multiple MMPs can modulate immune responses by processing of 
chemoattractant proteins [48, 49]; thus, beyond connective-tissue remodeling func- 
tions, MMPs regulate the function of bioactive mediators by proteolytic processing. 
As a consequence of these very diverse activities, MMPs participate in many biolog- 
ical (e.g. embryogenesis, angiogenesis, endometrial cycling, and wound healing) and 
pathological (e.g. cancer, arthritis, and cardiovascular disease) processes. The net 
effect of active MMPs is mainly determined by the concentration of enzyme and sub- 
strate, the tissue distribution and the interplay of regulatory proteins. 



MMPs and inflammation 

Based on the specificity of target recognition and on the timing of activation, the 
immune system can be divided into two subsets, innate and acquired. The first line 
of defense against pathogens is referred to as the innate immune system, and sever- 
al immune cells, including neutrophils, macrophages, mast cells, and natural killer 
(NK) cells, are involved. The innate immune system is relatively non-specific and is 
not intrinsically affected by prior contact with infectious agents. The second line of 
defense is the acquired immune system and is characterized by antigen-specificity 
and immunological memory. T lymphocytes are involved in the cellular acquired 
immune response and with B lymphocytes in the humoral (antibody-mediated) 
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acquired immune response. In order to provide optimal protection against infectious 
threats, the innate immune system is intimately linked to the acquired immune sys- 
tem [50, 51]. 

Inflammation is a multi-step process that begins with the recruitment and acti- 
vation of inflammatory cells by chemotactic mediators released at the site of tissue 
injury or infection [52]. In response to chemoattractants, leukocytes, dendritic cells 
(DCs), and lymphocytes migrate from the bloodstream and lymphatics and enter 
affected tissues by extravasating through vessel walls into the ECM [53, 54]. At the 
site of tissue damage, inflammatory cells exert their effector function by releasing 
pre-formed and newly synthesized inflammatory mediators including cytokines, 
proteases, and membrane-perforating agents, or by direct and specific killing of 
aberrant cells. Subsequently, clearance of recruited immune cells is necessary to re- 
establish normal tissue integrity. As will be discussed below, each of these steps in 
inflammation can be regulated directly or indirectly by MMPs. 



Regulation of MMP levels by inflammatory cells 

MMPs are important effectors and regulators of inflammation. It is therefore not 
surprising that inflammatory cells such as macrophages, neutrophils, mast cells, 
eosinophils, and lymphocytes are important sources of MMPs and MMP activators 
[37, 55-57]. MMP levels, at sites of inflammation, are modulated by inflammatory 
cells via direct and indirect pathways. Activation of immune cells can result in direct 
release of activated MMPs or latent MMP precursors, whereas production of 
MMPs by inflammatory cells is controlled by various types of stimuli. As an exam- 
ple, MMP-1 and MMP-9 production by macrophages is enhanced by contact with 
matrix proteins such as laminin and collagens I and III [56, 58]. Mast cells on the 
other hand secrete pro-MMP-9 upon cell-cell contact with activated T cells [37]. 
Lipopolysaccharide (LPS) and IL-8 can trigger rapid degranulation of considerable 
amounts of intracellularly stored pro-MMP-9 and MT6-MMP from neutrophils 
[36, 38, 57]. Ovarian cancer cells induce pro-MMP-9 secretion by monocytes [59]. 
Moreover, several cytokines including IL-4, IL-10, and TGF-(3 suppress MMP pro- 
duction by macrophages, monocytes, and mast cells [40, 60-63]. Inflammatory cell- 
derived MMPs have been shown to be crucial factors in several pathological situa- 
tions [39, 64-68]. As an example, macrophages are a primary source of MMP-1 and 
MMP-9 in a lung injury model where injury is inhibited by treatment with recom- 
binant TIMP-2 [39, 66]. Likewise, neutrophil-derived MMP-9 is required for the 
induction of experimental autoimmune subepidermal blistering disease [67]. The 
induction and progression of experimental autoimmune encephalomyelitis (EAE) is 
reversed by treatment with an MMP inhibitor [65]. 

An indirect pathway via which immune cells influence MMP levels is by secret- 
ing inflammatory mediators that have a capacity to activate pro-MMPs. Likewise, 
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immune cells influence MMP levels by expressing surface molecules with proteoly- 
tic capacity. Several studies have highlighted the potential role of mast cell-derived 
endopeptidases (chymase and tryptase) in mediating ECM degradation through the 
activation of several pro-MMPs [69-72]. In a transgenic mouse model of squamous 
carcinogenesis, appearance of the active form of MMP-9 in dysplastic skin lesions 
correlates with dramatic mast cell infiltration and elevated levels of chymase activi- 
ty [70]. Additional in vitro experiments showed that treatment of hyperplastic skin 
lysates (containing pro-MMP-9) with chymase resulted in an increase in the amount 
of activated MMP-9 [70]. Neutrophil-derived elastase, cathepsin G, and proteinase- 
3 activate pro-MMP-2 through mechanisms requiring MT1-MMP [73]. The bio- 
logical effect of this mechanism of MMP-2 activation is increased invasion of tumor 
cells through ECM in vitro [73]. Taken together, this body of work supports the 
conclusion that inflammatory cells and their products are crucial modulators of 
MMP production and activity. 



Regulation of inflammation by MMPs 

Inflammatory cells not only produce MMPs, but also require MMPs for many of 
their normal functions. Increasingly it has been recognized that MMPs provide spe- 
cialized functions in all of the multi-step processes of immunity and inflammation. 
One of the initial steps in inflammation is recruitment of inflammatory cells by 
chemokines and cytokines secreted at the site of injury. MMPs modulate chemotaxis 
of leukocytes to sites of inflammation via different mechanisms. First, MMPs can 
regulate recruitment of immune cells via modulation of chemoattractant gradients, 
as is the case for chondrocyte-derived MMP-3 which is required for the generation 
of macrophage chemoattractant and macrophage infiltration in a model of herniat- 
ed disc resorption [74]. Whether MMP-3 directly releases chemokines from the 
ECM or inactivates chemokine inhibitors remains to be established. A recent study 
expanded the concept that MMPs are critical in chemotaxis by showing that MMP- 
7-deficient mice were protected against the lethal pulmonary fibrotic effects of 
bleomycin-induced injury due to impaired transepithelial migration of neutrophils 
[75]. The underlying mechanism responsible for the impairment is that without 
MMP-7, generation of a transepithelial gradient of the CXC chemokine KC by 
shedding of the cell-bound proteoclycan syndecan-1 does not occur [75]. Converse- 
ly, MMPs also provide a suppressive role for recruitment of inflammatory cells. It 
has recently been shown that several MMPs inactivate monocyte chemoattractant 
protein (MCP)-l, -2, -3, and -4 via cleavage, resulting in a significant reduction in 
leukocyte infiltration [49, 76]. Likewise, multiple MMPs can cleave the CXC 
chemokine stromal cell-derived factor-1 (SDF-1), resulting in loss of binding to its 
cognate receptor CXCR4 [48]. MMP-cleaved SDF-1 is unable to mediate chemo- 
taxis of CD34 + hematopoietic progenitor stem cells and pre-B cells [48]. 
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MMPs also regulate recruitment of immune cells via modulation of their migra- 
tory capacity. In order to enter sites of injury, or to detect antigen on dendritic cells, 
inflammatory cells must exit the bloodstream and migrate into tissues and the lym- 
phatic system [53, 54]. During this multi-step migration process, leukocytes under- 
go adherence to endothelial cells, rolling, and finally extravasation through the 
endothelial cell layer and basement membrane of high endothelial venules into the 
ECM. During this process, chemokines and cytokines stimulate secretion of pro- 
MMPs or de novo synthesis of MMPs in a variety of inflammatory cells [77, 78]. In 
addition, T cell expression of MMP-2 is induced by vascular cell-adhesion molecule- 
1 (VCAM-l)-dependent adhesion to endothelial cells [79]. It has also become clear 
that MMPs also play an important role in modulating migration of various inflam- 
matory cells across basement membranes and endothelium. Macrophages from 
MMP-12-deficient mice have diminished capacity to degrade components of the 
ECM, resulting in an inability to penetrate basement membranes [80]. Likewise, in 
vitro migration of T lymphocytes across a basal lamina equivalent is inhibited by a 
hydroxamic acid MMP inhibitor [81]. In vivo treatment with MMP inhibitors 
resulted in a reduced number of lymphocytes that completed transendothelial 
migration across high endothelial venules into lymph nodes [82]. Dendritic cells 
transport antigen from the tissues to the lymph nodes where antigens are presented 
to T lymphocytes. Recently, it was shown that expression of MMP-2 and MMP-9 
on the surface of Langerhans cells and skin dendritic cells is necessary for their 
migration [83]. MMP-3 deficiency resulted in an impaired T cell-mediated contact- 
hypersensitivity response caused by defective activation of T lymphocytes [84]. 
Whether MMP-3 is required for the migration of antigen-loaded dendritic cells to 
the draining lymph nodes, or for the activation or migration of T cells, is not 
known. 

At sites of injury or infection, inflammatory cells perform their effector functions 
in order to heal afflicted tissues. A recent study underscores the importance of MMP 
activity in regulating inflammatory cell function. In many human tumors, expres- 
sion of IL-2 receptor-a (IL-2Ra) on tumor-infiltrating lymphocytes is downregulat- 
ed [85-87]. Since IL-2Ra expression is required for development and propagation 
of functional T cells, downregulation results in poor T cell function [88]. It has been 
found that tumor-derived MMP-9 mediates cleavage of IL-2Ra and thus contributes 
to tumor-mediated immunosuppression [89]. One of the most important effector 
functions of T lymphocytes is the capacity to kill target cells in an antigen-specific 
manner. One mechanism by which T lymphocytes can perform this cytolytic capaci- 
ty is via the Fas/Fas ligand pathway [90]. Since MMP-3 and MMP-7 can cleave and 
functionally inactivate Fas ligand [91-93], this pathway of target cell killing by T 
lymphocytes may be inhibited in the presence of MMPs. 

Another crucial step in inflammation is the resolving phase, characterized by 
inflammatory cell death or egression of inflammatory cells from sites of inflamma- 
tion. Several studies report a critical role for MMPs in resolution of inflammation. 
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In an experimental model of asthma, MMP-2 deficiency resulted in impaired leuko- 
cyte egression from the airway stromal compartment, followed by an increase in 
mortality [94]. This impaired migration of leukocytes across the epithelium into the 
airway lumen correlated with a decreased chemoattractant activity for inflammato- 
ry cells in the lung interstitium [94]. Likewise, MMP-9-deficient mice exhibited a 
persistent T cell-mediated contact hypersensitivity upon antigen challenge due to 
their failure to resolve acute inflammation [84]. These studies suggest that the vari- 
ous steps of the inflammatory process are tightly regulated by local MMP activity. 



MMPs and neoplastic progression 

Malignant tumors are characterized by their ability to cross tissue boundaries and 
spread to and thrive in ectopic tissue sites. To do so, neoplastic cells must penetrate 
multiple ECM barriers as they traverse the epithelial basement membrane and inter- 
stitial stroma, enter blood vessels or lymphatics, and extravasate to form metastases 
at distal sites. There is clinical and experimental evidence that in addition to degra- 
dation and/or remodeling of ECM molecules, MMPs participate in additional 
aspects of tumor evolution, including neoplastic cell initiation and proliferation, 
angiogenesis, inflammation, ECM remodeling, and metastatic growth. Numerous 
reports have documented the expression of MMPs in virtually all human cancers [5, 
95-100], and a significant correlation has been found between MMP expression lev- 
els and clinical outcome [96, 98, 101-104]. For instance, high plasma levels of 
MMP-9 in patients with colorectal cancer is associated with shortened survival 
[ 101 ]. 

MMP expression patterns vary depending on the enzyme in question and type of 
tumor involved. Neoplastic cells often upregulate surface expression of EMMPRIN, 
a molecule that induces MMP synthesis by adjacent stromal cells and also binds 
MMP-1 to the tumor cell surface [33]. Interestingly, in epithelial tumors most 
upregulated MMPs are not expressed by carcinoma cells themselves but instead are 
primarily expressed by stromal fibroblasts, inflammatory cells, and vascular cells 
present in the tumor microenvironment [70, 95, 99, 100, 105, 106]. 

Experimental mouse models have been used to study the nature of MMP 
involvement in the transformation of cells, as well as in premalignant events leading 
to primary tumor growth, invasion, and metastasis. In general, overexpression of 
MMPs in tissues results in the development of a hyperproliferative and/or malignant 
phenotype, as well as rendering animals more susceptible to oncogene-induced or 
chemically induced carcinogenesis [107-113], whereas overexpression of TIMPs or 
MMP deficiency, in some cases, can result in diminished susceptibility to neoplastic 
progression [114-119]. Transgenic expression of either MMP-3, MT1-MMP, or 
MMP-7 in mammary epithelial cells triggers a cascade of molecular and functional 
alterations, and ultimately results in the development of mammary gland tumors 
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[107-111]. Likewise, overexpression of MMP-1 in mouse skin results in increased 
susceptibility to chemically induced tumorigenesis [112, 113]. Some studies have 
shown that by suppressing MMP activity through forced TIMP expression, highly 
malignant cells can be made less aggressive, and thus provide indirect evidence that 
MMPs contribute to tumor progression. For instance, transgenic overexpression of 
TIMP-1 in the liver blocked the development of hepatocellular carcinomas [114]. 
Additionally, overexpression of TIMP-2 reduced the growth of melanoma cells in 
murine skin; however, increased TIMP-2 levels did not prevent metastasis formation 

[115]. 

Compelling evidence for a functional role of MMPs in cancer development has 
come from mouse models of de novo cancer development harboring homozygous 
null mutations in various MMPs, where eliminating a single MMP delays tumor 
progression in a number of mouse tumor models [116-119]. Evidence for involve- 
ment of MMP-9 in neoplastic progression has been provided in a transgenic mouse 
model of squamous carcinogenesis of the skin [116]. The role of MMP-9 during 
tumorigenesis was addressed by studying the phenotypic consequences of attenuat- 
ed MMP-9 function in MMP-9-deficient tumor-prone transgenic mice [116]. Trans- 
genic mice lacking MMP-9 had reduced epithelial proliferative indices and altered 
differentiation characteristics, delayed activation of angiogenesis and, importantly, 
a dramatic 50% reduction in the incidence of carcinomas as compared to MMP-9- 
proficient controls [116]. The few tumors that did arise in the absence of MMP-9 
displayed a less differentiated phenotype [116]. The development of intestinal 
tumors is clearly reduced in MMP-7-deficient mice carrying the APC min mutation 

[117] . In a transgenic model of pancreatic islet cell carcinogenesis, treatment with 
MMP inhibitors (MPIs) delayed the onset of angiogenesis and tumor growth [119]. 
Genetic ablation of MMP-2 was found to inhibit tumor formation whereas lack of 
MMP-9 resulted in suppression of angiogenesis and tumor growth [119]. MMP-1 1 
deficiency resulted in a diminished sensitivity to chemically induced tumorigenesis 

[118] . In addition, fibroblasts from MMP- 11 -deficient mice lose the capacity to pro- 
mote malignant cell implantation in nude mice, suggesting that MMP-1 1 con- 
tributes in a paracrine manner to epithelial cell malignancy [118]. 

Based on their proven in vitro capacity to degrade ECM components, MMPs 
have been implicated as important mediators of metastasis; however, data support- 
ing a positive role for MMPs in metastasis are limited [120-123]. MMP-2-deficient 
mice display diminished lung colonization after intravenous inoculation of tumor 
cells [120]. Likewise, inhibition of MMP activity via overexpression of TIMP-1 in 
melanoma cells results in a reduction in the size and number of micro-metastases in 
a chick embryo model [121]. Since metastases arise from cancer cells that have 
escaped from primary tumors in vivo , these models may not reflect the physiologi- 
cal process of true metastasis formation. In combination, however, these studies sug- 
gest that MMPs contribute to multiple stages of tumor progression, including tumor 
initiation, angiogenesis, tumor growth, and metastasis formation. 
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MMPs r inflammation, and the development of cancer 

It is well established that cancer is a progressive, multi-stage disease arising as a con- 
sequence of accumulating genetic alterations. These genetic mutations are required, but 
not sufficient, for the outgrowth of tumors. Extensive interaction with the surround- 
ing microenvironment is of prime importance during neoplastic progression [124]. 
Clinical and experimental data indicate a strong promoting role for inflammatory 
leukocytes in neoplastic progression [125]. Multiple studies have shown that accumu- 
lation of inflammatory cells in solid human cancers correlates strongly with higher 
tumor grade, metastasis, and poor prognosis [126-131]. Strikingly, inflammatory cells 
are often localized in the stroma around the invading fronts and around newly formed 
blood vessels of both experimentally induced tumors and various human tumors and 
not in the center of the tumors, suggesting that inflammatory cells assist in invasion 
and angiogenesis [70, 126, 132]. Furthermore, it has become clear that chronic inflam- 
mation predisposes humans to the development of carcinomas in several organs [133, 
134]. The best established of malignancies associated with chronic inflammation is 
colon carcinogenesis arising in patients with inflammatory bowel disease [135]. Simi- 
larly, chronic Helicobacter pylori infection predisposes to gastric cancer [136]. In line 
with these clinical observations, TGF(31-deficient mice develop granulocyte inflamma- 
tory lesions that progress to colon cancer [137]. Development of colon cancer can be 
eliminated by maintaining mice free of inflammation in a germ-free environment, indi- 
cating that inflammation is required for tumor progression [137]. Perhaps the best clin- 
ical evidence for the importance of inflammation during neoplastic progression comes 
from studies showing reduced risk of cancer among long-term users of anti-inflamma- 
tory drugs [138-143]. As an example, a reduced risk of colorectal cancer has been 
observed among long-term users of non-steroidal anti-inflammatory drugs or aspirin 
[139]. These clinical data suggest a clear relationship between inflammation and devel- 
opment of cancer; however, many of the molecular and cellular mechanisms mediating 
this relationship are not provided by such correlative data. 

Elucidating the mechanisms by which immune cells participate in neoplastic devel- 
opment will eventually facilitate the rational design of novel therapies against human 
cancer. What do infiltrating inflammatory cells provide to evolving neoplasms? The 
inflammatory component of a developing neoplasm includes a diverse leukocyte 
population, e.g. macrophages, mast cells, neutrophils, and eosinophils. These cells are 
variably loaded with an assorted array of cytokines, growth factors including VEGF 
and basic fibroblastic growth factor (bFGF), cytotoxic mediators including reactive 
oxygen species, various proteases including MMPs, membrane-perforating agents, 
and soluble mediators of cell killing, such as TNFa, interleukins, and interferons. 

As described above, expression of MMPs in cancer correlates with poor prog- 
nosis. A closer look at several human and experimental tumors reveals that tumor- 
associated MMPs are often not synthesized by the tumor cells themselves, but pri- 
marily found in inflammatory cells that are present within the tumor microenviron- 
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ment [99, 100, 105, 106]. Combined expression of MMP-9 and urokinase-type 
plasminogen activator (uPA) in colorectal cancer and MMP-3 localized at the tumor 
invasive front with inflammatory cells correlated strongly with metastasis rate and 
survival [99]. In human basal cell carcinoma, MMP-9 expression was identified in 
eosinophils within inflammatory infiltrates surrounding the tumor [105]. In human 
colorectal cancer, a persistent localization of MMP-9-producing macrophages was 
observed in the interphase between tumor and surrounding stroma [106]. These 
data suggest that delivery of MMPs by inflammatory cells to the tumor microenvi- 
ronment may facilitate tumor progression. 

Direct evidence that inflammatory cells contribute to tumorigenesis via secretion 
of MMPs has been provided by several recent experimental models. In a transgenic 
mouse model of pancreatic islet cell cancer in which MMP-9 contributed to the 
angiogenic switch, MMP-9 could only be detected in infiltrating inflammatory cells 
and not in neoplastic cells of tumors [119]. MMP-9 deficiency resulted in reduced 
skin carcinogenesis in tumor-prone transgenic mice where the characteristics of neo- 
plastic development were restored by reconstitution with wild-type bone marrow- 
derived cells [116]. In this same cancer model, inflammatory cells, specifically mast 
cells, were found to facilitate the angiogenic switch and the conversion of a normal 
dermis into an aberrant stromal support in the MMP-9-proficient transgenic mice 
[70]. These data support the hypothesis that inflammatory cells are important con- 
tributors to neoplastic progression, in part, by their deposition of MMP-9 into reac- 
tive stroma. Also the group of Huang et al. [144] provided direct evidence that 
expression of MMP-9 by inflammatory cells promotes tumorigenesis. The growth, 
vascularization, and macrophage infiltration of xenografted MMP-9-expressing 
human ovarian cancer cells were clearly reduced in MMP-9-deficient nude mice. 
Reconstitution with MMP-9-expressing spleen cells resulted in increased angiogen- 
esis and tumorigenicity of the tumor cells, and the tumors in reconstituted mice con- 
tained infiltrated MMP-9-expressing macrophages [144]. A recent study by Hirat- 
suka et al. [122] described a novel mechanism by which inflammatory cell-derived 
MMPs contribute to metastasis formation. In this study, MMP-9 was specifically 
induced in macrophages and endothelial cells in prematastatic lung by a distant pri- 
mary tumor. In line with these findings, patients with distant tumors displayed sig- 
nificantly elevated levels of MMP-9 in lung tissue as compared to those from tumor- 
free patients [122]. Thus, these studies indicate that inflammatory cells contribute 
to carcinogenesis by creating an environment that is permissive for primary tumor 
growth and secondary metastasis formation (Fig. 2). 



Implications for prevention and treatment of cancer 

With such compelling data supporting a role for MMPs as potentiators of neoplas- 
tic progression, synthetic MPIs were developed and tested for anti-cancer properties 
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in vitro and in vivo (reviewed in [145]). Broad-spectrum (blocking multiple MMPs) 
and narrow-spectrum (blocking the activity of selected MMPs) MPIs have been 
developed and tested in experimental pre-clinical and clinical studies with several 
demonstrating efficacy in experimental mouse transplant models of cancer devel- 
opment [119, 146-149]. For example, treatment of mice with a broad-spectrum 
MPI was shown to inhibit experimental metastasis formation [146]. Treatment of 
nude mice with batimastat (a broad-spectrum hydroxamate inhibitor) inhibited 
local regrowth after resection of human breast cancer xenografts and reduced 
metastasis [147]. Likewise, in a transgenic mouse model of pancreatic islet cell car- 
cinogenesis, treatment with batimastat or a relatively specific MMP-9 MPI reduced 
the number and growth of pancreatic islet tumors [119]. In an oral squamous cell 
carcinoma implantation study, treatment with the broad MPI marimastat resulted 
in suppression of lymph node metastasis [148]. Treatment with a sulfhydryl-based 
MPI inhibited the number of experimental lung metastases in a dose-dependent 
manner [149]. 

In contrast, several pre-clinical studies have also suggested that inhibition of 
MMP activity does not result in inhibition of tumor growth, but instead supports 
tumor progression. Treatment of mice with batimastat promoted metastasis forma- 
tion of human breast carcinoma cells and murine T lymphoma cells [150]. Where- 
as treatment of transgenic mice harboring hyperplastic pancreatic islets with bati- 
mastat significantly prevented the development of angiogenic islets, treatment of 
mice bearing established tumors was unsuccessful [151], suggesting that timing and 
duration of MPI treatment is an important factor. Furthermore, the therapeutic effi- 
cacy of MPIs also depends on the type of tumor and its microenvironment. This has 
recently been underscored by a study of Shiraga et al. [152] showing that MMP 
expression varies with host microenvironment. In two different metastasis models 
using human lung cancer cell lines, it was found that tumor-derived MMPs are 
important for the formation of lung metastasis, whereas MMPs produced by host 
stroma cells are important for metastasis to the liver [152]. Inhibition of MMPs 
reduced metastasis formation in the lung and liver, but not in the kidney or lymph 
nodes [152], in this same report. These experimental studies suggest that the thera- 
peutic efficacy of MPIs largely depends on the time of onset and the duration of 
treatment, and the type of the targeted tumor and its microenvironment. 

These restrictions may explain, in part, why in spite of the encouraging results 
with MPIs in pre-clinical studies, clinical trials with MPIs have not been successful 
(reviewed in [145]). As mentioned above, in several mouse models MMPs con- 
tributed to early stages of neoplastic development, and MPI treatment in pre-clini- 
cal animal models was in general more efficient when initiated during early disease 
development [151]. In contrast, in most clinical trials, the MPI treatment was 
applied to patients with advanced cancer. For the future design of MPI clinical tri- 
als it will be important to understand if initiating MPI treatment at an earlier stage, 
or to apply MPIs in a prophylactic setting, will benefit or aid in disease regression 
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or survival. Patients with genetic mutations that predispose for cancer, patients with 
pre-malignant lesions (e.g. colon polyps), or patients with minimal residual disease 
are more likely to benefit from MMP inhibition than patients with advanced dis- 
ease. In addition, a more thorough understanding of organ heterogeneity of host- 
derived MMP expression and more insight into the biological activities of individ- 
ual MMPs in different types of cancer will be crucial to develop a more rational clin- 
ical trial design. 

As discussed in this chapter, the increased presence of MMPs in tumors is large- 
ly the result of a host response induced by the growing neoplastic mass. Based on 
the important contribution of inflammatory cells, another anti-cancer therapeutic 
opportunity would be to inhibit inflammation. Currently, it is not clear which mol- 
ecules and mechanisms are involved in elaborating recruitment of inflammatory 
cells towards the (pre) -malignant lesions. Since these recruitment pathways may rep- 
resent the best control points in which to target such anti-cancer therapeutics, future 
studies should be aimed at elucidating the mechanisms responsible for recruitment 
of inflammatory cells to neoplastic lesions. Alternatively, another approach would 
be to inhibit the contribution of inflammatory cells to neoplastic progression by 
blocking their production of MMPs by treatment with stabilizing agents protecting 
against degranulation. 



Concluding remarks 

There is a growing body of clinical and experimental evidence showing a strong pro- 
moting role of inflammatory cells in neoplastic progression. In this chapter, we have 
provided an overview of recent literature showing that one of the pathways via 



Figure 2 

Connection between inflammation, MMPs, and cancer development 
Early neoplastic lesions activate the recruitment of several types of inflammatory cells most 
likely by generating a chemotactic gradient. MMPs can influence recruitment of inflamma- 
tory cells by modifying the chemotactic gradient and by regulating the migratory capacity of 
inflammatory cells. Inflammatory cells recruited towards the tumor microenvironment 
secrete and/or activate various types of MMPs. MMPs can degrade virtually all components 
of the ECM and, in doing so, MMPs may change the tumor environment in such a way that 
invasion of tumor cells is supported. In addition, remodeling of the ECM by MMPs results in 
the release and activation of various growth factors that are normally sequestered in the 
ECM. These growth factors can support neoplastic progression by stimulating proliferation 
of neoplastic cells, by activating fibroblasts, and by activating angiogenesis. In addition, 
inflammatory cell-derived MMPs contribute to carcinogenesis by creating an environment in 
premetastatic organs that is permissive for metastasis. 
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which inflammatory cells can drive tumorigenesis is by regulating MMP levels in the 
tumor microenvironment. Despite the clear promoting role of MMPs in all stages of 
cancer development, results from clinical trials targeting MMPs have been disap- 
pointing. Deeper understanding of the temporal and spatial expression patterns of 
MMPs in tumors and an increased insight into their complex functional capacities 
will be necessary in order to fully optimize the efficacy and minimize the toxicity of 
therapeutic agents targeting MMPs. As inflammatory cells will not only deliver 
MMPs, but also other inflammatory cell-derived factors that may play additional 
promoting roles in tumor development, inhibition of the inflammatory response 
may be a more effective anti-cancer strategy than targeting MMPs alone. The chal- 
lenge now is to dissect the mechanisms by which inflammatory cells are recruited to 
the different stages of neoplastic progression, as these early signalling pathways may 
be the best control points in which to target the next generation of anti-cancer ther- 
apeutics. 
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Inflammation and angiogenesis in cancer 

The association of inflammation and neoplasia was first observed when Westphal 
reported dense areas of mast cells at the periphery of tumors in 1891 [1], These 
inflammatory cells infiltrating tumor tissues were believed to mediate phagocytic 
functions to aid in host defense against the tumor. Now a new paradigm is being 
widely accepted that inflammation at the site of a tumor may actually facilitate 
tumor progression instead of promoting anti-tumor immunity. The diverse contri- 
butions of tumor-infiltrating inflammatory cells to neoplastic progression include 
promoting epithelial cell proliferation, rendering tumor angiogenic potential, and 
enabling tumor invasiveness [2]. The most direct evidence supporting the role of 
inflammatory cells in promoting disease progression comes from epidemiological 
studies of cancer risk among long-term users of aspirin and non-steroidal anti- 
inflammatory drugs (NSAIDs). Significant reduction in the risk of developing colon, 
lung, esophagus, and stomach cancers was observed in these users [3, 4]. 

This chapter will describe the inflammatory components and processes involved 
in tumor angiogenesis. The general model that will be elaborated is shown in Fig- 
ure 1. Tumors secrete pro-inflammatory chemokines and cytokines, and they also 
activate local stromal cell elements to do the same. These chemokines and cytokines 
act either directly or indirectly through stimulation of the vascular endothelium to 
recruit leukocytes to the tumor. Indeed, for some tumor types, >70% of the tumor 
mass consists of infiltrating leukocytes. After activation, these tumor-associated 
leukocytes, primarily macrophages, release angiogenic factors, mitogens, proteolyt- 
ic enzymes, and chemotactic factors, recruiting more inflammatory cells and sus- 
taining tumor growth, invasion, and angiogenesis. The new vessels that form in turn 
provide greater access for more inflammatory cells to enter the tumor. 

Angiogenesis is a complex process involving an extensive interplay between cells, 
soluble factors, and extracellular matrix (ECM) components. In this chapter, we will 
highlight the cross-talk between malignant, inflammatory, and stromal compart- 
ments with an emphasis on the stimulation of tumor angiogenesis by tumor-infil- 
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Tumor ceils secrete 
pro-inflammatory mediators 
and chemokines thereby 
recruiting inflammatory cells 



Tumor- associated inflammatory cells 
secrete angiogenic factors, cytokines, 
chemokines and other soluble factors 
to activate tumor and endothelial cells 



Angiogenesis provides new 
vessels leading to tumor 
growth, metastasis, and 
inflammation 



Figure 1 

Inflammation and tumor-induced angiogenesis. 

TGF/3, transforming growth factor /3; bFGF, basic fibroblast growth factor; PDGF, platelet- 
derived growth factor; IL, interleukin; VEGF, vascular endothelial growth factor; TNFa, tumor 
necrosis factor a; MCP-1, monocyte chemotactic protein-1; uPAR, urokinase plasminogen 
activator receptor. 



trating inflammatory cells. The regulation of key inflammatory components and 
mediators involved in tumor angiogenesis and their effects on tumor growth and 
metastasis will be reviewed. In addition, recent advances in the development of spe- 
cific anti-inflammatory agents with anti-angiogenesis activity for oncologic indica- 
tions will be discussed. 



An overview of angiogenesis 

Angiogenesis, the formation of new blood vessels from an existing vasculature, is 
essential for tumor growth beyond 1-2 mm in diameter. This process occurs in all 
types of tumor and the intensity of the angiogenic process, as assessed by microves- 
sel counting methods, correlates with primary tumor growth, invasiveness, and 
metastatic spread of disease [5, 6]. Tumor angiogenesis provides a means to supply 
oxygen and nutrients and to remove waste products from tissues that are hypoxic 
or hypovascularized [7]. Angiogenesis is essential for certain physiologic functions 
such as embryonic development, wound healing, and the female menstrual cycle. 
These physiologic processes are tightly regulated by a balance of anti-angiogenic 
and pro-angiogenic factors. In contrast, unregulated angiogenesis occurs in patho- 
logic conditions [8], such as tumor growth and metastasis [9], atherosclerosis, 
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rheumatoid arthritis (RA), Crohn’s disease, psoriasis, endometriosis [10, 11], dia- 
betic nephropathy [12], and adiposity. 



An overview of inflammation 

To understand the role of inflammation in cancer angiogenesis, it is important to 
first understand what inflammation is and how it contributes to angiogenesis under 
both physiological and pathological conditions. In response to tissue injury, a mul- 
tifactorial network of chemical signals initiates and maintains a host response 
designed to “heal” the afflicted tissue. This involves activation and directed migra- 
tion of leukocytes from the blood to sites of damage. The four-step mechanism for 
leukocyte recruitment involves activation of members of the selectin family of adhe- 
sion molecules that facilitate rolling along the vascular endothelium, triggering of 
signals that activate and upregulate leukocyte integrins mediated by cytokines and 
leukocyte-activating molecules, immobilization of leukocytes on the surface of the 
vascular endothelium by means of tight adhesion through and a 4 |3 7 integrins 
binding to endothelial vascular cell-adhesion molecule- 1 (VCAM-1) and mucosal 
addressin cell adhesion molecule-1 (MadCAM-1), respectively, and transmigration 
through the endothelium to sites of injury, presumably facilitated by extracellular 
proteases such as matrix metalloproteinases (MMPs) [13]. 

A family of chemotactic cytokines called chemokines possess a relatively high 
degree of specificity for chemoattraction of specific leukocyte populations [14-16], 
recruit downstream effector cells, and dictate the natural evolution of the inflamma- 
tory response. The profile of cytokine/chemokines persisting at an inflammatory site 
is important in the development of chronic diseases. The pro-inflammatory cytokine 
tumor necrosis factor a (TNFa) controls the composition of the inflammatory cell 
population and mediates many other aspects of the inflammatory process. TNFa 
stimulates the expression of adhesion molecules by the endothelium and also primes 
leukocytes for degranulation. Transforming growth factor (31 (TGF|31) is another 
important soluble factor in inflammation, both positively and negatively influencing 
the processes of inflammation and repair. The key concept is that normal inflamma- 
tion, such as that associated with wound healing, is usually self-limiting; however, 
deregulation of any of the converging factors can lead to abnormalities and ulti- 
mately pathogenesis, which seems to be the case during neoplastic progression. 



Leukocyte recruitment to the tumor 

The inflammatory microenvironment of tumors is characterized by the presence of 
host leukocytes both in the supporting stroma and within tumor tissues. The inflam- 
matory component of a developing neoplasm may include a diverse leukocyte popu- 
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lation including macrophages, neutrophils, dendritic cells, lymphocytes, eosinophils, 
and mast cells, all of which are capable of producing an assorted array of cytokines. 
These inflammatory cells traffic to the tumor site following the cues released by 
tumor cells, mainly secreted factors such as cytokines and chemokines. 

Chemokines were initially defined as soluble factors regulating directional 
migration of leukocytes during inflammation. Chemokines produced by most 
tumors belong to the two major groups, the CXC and the CC chemokines. Typical- 
ly, CXC chemokines attract neutrophils and lymphocytes whereas CC chemokines 
act on several leukocyte subsets including monocytes, eosinophils, dendritic cells, 
lymphocytes, and natural killer cells, but not neutrophils. Evidence from animal 
studies and human tumor studies suggest that CC chemokines are major determi- 
nants of macrophage and lymphocyte infiltration in melanoma, carcinoma of the 
ovary, breast, and cervix, and in sarcomas and gliomas [17, 18]. 

The immune system plays an important role in the regulation of angiogenesis. 
Multiple studies indicate that leukocytes can induce vascular proliferation [19-21], 
and specific leukocyte-derived cytokines such as interleukin-6 (IL-6) have been iden- 
tified to induce angiogenesis [22-24]. In addition, angiogenic processes can in turn 
impact the immune system. Normal endothelial cells contribute to the recruitment 
of immune cells to the inflammatory site through the expression of adhesion mole- 
cules, which then sets the inflammatory process in motion. 



Inflammatory cell compartment in tumors 

Monocytes/macrophages 

Macrophages infiltrated into tumor tissues, known as tumor-associated macrophages 
(TAMs), are a major component of inflammatory infiltrates in neoplastic tissues. These 
TAMs differentiate from monocytes that are recruited to tumor sites by tumor cell- 
derived chemokines, most significantly by monocyte chemotactic protein-1 (MCP-1), 
macrophage colony-stimulating factor (M-CSF or CSF-1), and vascular endothelial 
growth factor (VEGF). The presence of multiple areas of hypoxia and the accumula- 
tion of TAM in these poorly vascularized, hypoxic and necrotic areas suggests that 
tumor hypoxia functions as a potent stimulation of TAM infiltration [25, 26]. 

In addition to being a key regulatory molecule of monocyte trafficking to sites of 
inflammation, MCP-1 is also a potent pro-angiogenic factor. In a corneal angiogenesis 
assay, MCP-1 was able to elicit angiogenic responses with similar potency to the well- 
known angiogenic mediator VEGF-A [27]. Angiogenesis induced by MCP-1 is associ- 
ated with prominent recruitment of macrophages, whereas that induced by VEGF is 
devoid of inflammatory cell recruitment. Tumor expression of MCP-1 is correlated 
with the degree of TAM infiltration in human gastric carcinomas [28], esophageal 
squamous cell carcinomas [29], gliomas [30, 31] and meningioma [32], and breast car- 
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cinoma [27, 33, 34]. After activation these TAMs produce a variety of cytokines, com- 
plement components, reactive oxygen species, proteases, and growth factors, including 
VEGF, platelet-derived growth factor (PDGF), thymidine phosphorylase (TP; also 
known as platelet-derived endothelial cell growth factor (PD-ECGF)), basic fibroblast 
growth factor (bFGF), TNFa, IL-1|3, IL-6, IL-8, MMPs, and urokinase plasminogen 
activator and its receptor (uPA/uPAR) that modulate tumor angiogenesis [35]. In 
primary human breast cancer, MCP-1 concentration correlated significantly with the 
levels of VEGF, TP, TNFa, and IL-8, all of which are potent angiogenic factors. How- 
ever, in the Matrigel angiogenesis assay, tumor angiogenic potential was found to be 
primarily associated with tumor cell MCP-1 expression level [36]. Furthermore, neu- 
tralizing MCP-1 biologic activity with function-blocking monoclonal antibodies was 
able to effectively inhibit in vivo tumor angiogenesis despite the complexity and redun- 
dancy of angiogenic growth factors expressed by tumor cells [36]. In addition, prog- 
nostic analysis revealed that a high expression of MCP-1, as well as of VEGF, was a 
significant indicator of early relapse, further supporting the hypothesis that MCP-1 
plays an important role in regulating tumor angiogenesis and disease progression [34]. 

Expression levels of M-CSF and its receptor, a tyrosine kinase receptor encoded 
by the cfms proto-oncogene, have been associated with high TAM infiltration in 
breast cancer, and further correlated with tumor metastasis and poor prognosis [37, 
38]. High levels of circulating M-CSF have also been detected in patients with 
breast, endometrial, or ovarian carcinomas, and are associated with disease pro- 
gression and correlated with poor prognosis [39, 40]. In addition to stimulating 
macrophage infiltration into the tumor, M-CSF may also induce the differentiation 
of monocytes into macrophages, and like MCP-1 it can also activate these TAM 
cells, resulting in production and release of such angiogenic factors as IL-8 [41] and 
MMPs [42]. Finally, genetic studies demonstrated that M-CSF is essential for the 
development of late-stage invasive carcinoma and pulmonary metastases [43]. 
Tumor growth is impaired in M-CSF-deficient mice, accompanied by increased 
tumor necrosis and decreased mitosis, apparently resulting from diminished angio- 
genesis and diminished stromal formation [44]. 

Besides being a potent angiogenic factor for endothelial cells, tumor cell-derived 
VEGF [45] is also a chemotactic factor for tumor cells, macrophages, and T cells 
[46]. In fact, VEGF expression in human breast cancer [25], and lung, ovarian, and 
breast ascites [47] often correlates with macrophage content and vascular density. 



Dendritic cells 

Monocytes, in the presence of granulocyte-macrophage colony-stimulating factor 
(GM-CSF) and IL-4, differentiate into immature dendritic cells [48]. Dendritic cells 
play a crucial role in both the activation of antigen-specific immunity and the main- 
tenance of tolerance. They migrate into inflamed peripheral tissue where they cap- 
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ture antigens, and after maturation migrate to lymph nodes to stimulate T-lympho- 
cyte activation. Soluble factors such as IL-6 and CSF-1, derived from neoplastic 
cells, push myeloid precursors toward a macrophage-like phenotype [49]. Interest- 
ingly, dendritic cells found in neoplastic infiltrates are frequently immature and 
defective in T-cell stimulatory capacity. Therefore, these infiltrating dendritic cells 
are likely poor inducers of effective immune response to tumor antigens. 



Mast cells 

Mast cells were the first inflammatory cell population to be associated with human 
tumors. Back in 1891, Westphal reported that mast cells are always found at the 
periphery of malignant human tumors [1]. Recent studies confirmed and extended 
this finding by demonstrating the accumulation of increased numbers of mast cells 
within and around colorectal tumors, breast tumors, pulmonary adenocarcinomas, 
basal cell carcinomas, soft tissue tumors, and melanomas [50]. Mast cells are capa- 
ble of producing and releasing a variety of pro-angiogenic factors, including VEGF, 
bFGF, TGF(3, TNFa, IL-8, heparin, and histamine [51]. At the same time, mast cells 
also secrete enzymes, such as MMPs, chymase, and tryptase, that facilitate neovas- 
cularization by stimulating endothelial migration and by releasing extracellular 
matrix-bound growth factors [50, 51]. In fact, the number of tryptase-positive mast 
cells correlates with neovascularization in cervical cancer, pulmonary adenocarcino- 
ma, and malignant lymphoma [50]. The most compelling evidence supporting the 
role of mast cells in tumor angiogenesis arises from mast cell-deficient mice, in 
which a decreased rate and intensity of tumor angiogenesis results in a reduction in 
experimental tumor metastasis [52]. 



Polymorphonuclear neutrophils (PMNs) 

Neutrophils are the most abundant circulating blood leukocytes. They provide first- 
line defense against infection and are potent effectors of inflammation. In addition, 
their release of soluble chemotactic factors guides the recruitment of both non-spe- 
cific and specific immune effector cells [53]. Finally, since these cells both respond 
to and produce cytokines [54], they also modulate the balance between humoral and 
cell-mediated immunity. In doing so, neutrophils are engaged in a complex cross- 
talk with immune and endothelial cells in an inflammatory response. 

Neutrophils are usually the first type of inflammatory cell found at the site of 
injury/inflammation. In addition to their well-accepted function of phagocytosis, 
several lines of evidence suggest that neutrophils may also be involved in the early 
induction of angiogenesis. Gaudry et al. [55] found that various compounds, includ- 
ing phorbol-12-myristate- 13 -acetate, fMet-Leu-Phe, and TNFa, could induce the 
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time-dependent release of intracellular VEGF by human neutrophils. Upon stimula- 
tion by lipopolysaccharide or TNFa, PMN release significantly increased levels of 
biologically active VEGF that stimulates endothelial cell proliferation and tubule 
formation [56]. In addition, Kibbey et al. [57] found that neutrophils can be induced 
to migrate toward laminin peptides containing the amino acid sequence SKIVAV, 
and that these neutrophils then secreted angiogenic factors and matrix-degrading 
enzymes. PMN-derived elastase, cathepsin G, and proteinase-3 collectively activate 
pro-MMP-2, a critical enzyme for tumor invasion and angiogenesis [58]. Finally, 
neutrophils are known to produce a number of other angiogenic factors including 
TNFa and IL-1 [59]. Therefore, it is reasonable to hypothesize that neutrophils may 
also contribute to early angiogenesis. 

The essential role of neutrophils in angiogenesis was demonstrated in neutro- 
penic mice in which IL-8, macrophage-inflammatory protein-2 (MIP-2) (CXCL2), 
and growth-related oncogene a (GROa) were not able to induce angiogenic reac- 
tions [60]. In fact, angiostatin, an anti-angiogenesis factor, may inhibit angiogenesis 
by blocking chemotaxis of neutrophils to CXCR2 chemokine receptor agonists, 
including IL-8, MIP-2, and GROa [60]. 



Lymphocytes 

T lymphocytes can activate endothelial expression of various metalloproteinases via 
CD40-CD40-ligand interactions. As a result, increased tube formation in a three- 
dimensional gel was observed [61]. IL-1 7 produced by CD4 T cells promotes tumor 
angiogenesis and growth by stimulating endothelial cell migration, differentiation, 
as well as by inducing tumor stromal fibroblasts and tumor cells to produce such 
pro-angiogenic factors as VEGF, keratinocyte-deived chemokine, MIP-2, prosta- 
glandin E x and E 2 , and nitric oxide [62]. 



Stimulation of tumor angiogenesis by angiogenic growth factors, cyto- 
kines, chemokines, and other soluble mediators produced by infiltrating 
leukocytes in tumors 

After leukocytes infiltrate into tumor tissues, they are prone to activation and in 
some instances degranulation, thereby producing an array of growth factors, 
cytokines, chemokines and other soluble mediators that stimulate angiogenesis. 



VEGF 

VEGF is a potent angiogenic growth factor that plays a key regulatory role during 
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the tumor angiogenic process, and its expression has been correlated with tumor dis- 
ease staging and prognosis [63]. In a variety of human tumors, VEGF is expressed by 
both tumor cells and infiltrating TAMs [25, 64]. VEGF expression is readily stimu- 
lated by the hypoxic conditions often observed in the center of neoplasia, via a tran- 
scription factor hypoxia-inducible factor 1 (HIF1) [65]. In invasive breast carcino- 
mas, a large number of TAMs accumulate in poorly vascularized and hypoxic 
regions. VEGF expressed by tumor cells or TAMs directly stimulates endothelial cell 
proliferation and migration. VEGF expression by TAMs was only detected in regions 
where tumor cells also express VEGF induced by hypoxia [25, 64]. Taken together 
with the finding that VEGF is chemotactic for monocytes across collagen membranes 
and endothelial cell monolayers [66], it is speculated that hypoxia-induced VEGF 
expression by tumor cells may also exert a chemotactic effect on TAMs in vivo . 

In addition, VEGF is also an extremely potent vasopermeability stimulant [67]. 
In fact, VEGF was initially identified as vascular permeability factor (VPF). In- 
creased vessel permeability could lead to extravasation of macromolecules which 
may further augment inflammatory responses. 



bFGF 

bFGF is another potent pro-angiogenic growth factor produced by activated 
TAMs infiltrated into the tumor tissue [68], and by mast cells commonly found in 
the peripheral regions of solid tumors [51]. The biological role of bFGF during 
neoplasm angiogenesis has been well demonstrated [69], and its expression in 
human tumors, especially by TAMs, has been correlated with tumor vasculariza- 
tion [70]. 



PD-ECGF 

PD-ECGF is a 45 kDa polypeptide also known as TP because of its sequence identi- 
ty to TP and its enzymatic activity converting thymidine to thymine [71]. PD-ECGF 
has been shown to stimulate mitosis [72] and migration [73] of endothelial cells in 
the presence of thymidine. In human tumors, PD-ECGF is expressed by tumor cells 
as well as by infiltrating lymphocytes [74] and macrophages [34]. The expression of 
PD-ECGF is correlated with micro vessel density and disease progression [75-78]. 



IL-1 

IL-la and IL-ip are two multifunctional and pro-inflammatory cytokines produced 
mainly by activated monocytes and macrophages. They affect nearly all types of cells, 
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often in concert with other cytokines or small mediator molecules [79]. Soluble IL-1 (3 
in the tumor milieu induces several angiogenic factors, including VEGF, MIP-2, and 
hepatocyte growth factor (HGF), from tumor and stromal cells and thus promotes 
tumor growth through stimulating angiogenesis [80]. IL-1 expression at the site of 
tumor development enhances the expression of adhesion molecules on endothelial 
and malignant cells and facilitates the invasion of malignant cells into the circulation 
and their dissemination to remote tissues [81]. In IL-1 gene-knockout mice tumor 
angiogenesis, growth and lung metastasis are significantly reduced compared to wild- 
type mice, demonstrating the importance of host-derived IL-1 in these processes [82]. 



IL-4 

IL-4 has been shown to directly stimulate capillary endothelial cell proliferation 
[83], and induce endothelial cell tube formation [84]. The pro-angiogenic activity of 
IL-4 is postulated to be mediated by its ability to stimulate the expression of the 
adhesion molecules VCAM-1 and P-selectin in endothelial cells [85], and uPA [86]. 
However, a recent report suggested that IL-4 could indeed inhibit in vitro angio- 
genesis induced by VEGF or bFGF, suggesting that the role of IL-4 in angiogenesis 
might be dependent on the endothelial cell types [87]. 



IL-6 

IL-6 is a secreted, multifunctional glycoprotein that performs various biological 
functions. The pro-angiogenic effects of IL-6 expressed by TAMs have been attrib- 
uted to the stimulation of VEGF expression [88, 89]. 



IL-8 

IL-8 is an 8 kDa chemokine of the Glu-Leu-Arg (ELR + )CXC family with endothe- 
lial cell chemotactic and proliferative activity [22]. Recombinant IL-8 potently stim- 
ulated angiogenesis when implanted in the rat cornea and induced proliferation and 
chemotaxis of human umbilical vein endothelial cells. Angiogenic activity present in 
the conditioned media of inflamed human rheumatoid synovial tissue macrophages 
or lipopolysaccharide-stimulated blood monocytes was equally blocked by antibod- 
ies to either IL-8 or TNFa. An IL-8 antisense oligonucleotide specifically blocked 
the production of monocyte-induced angiogenic activity. High IL-8 expression lev- 
els render tumor cells highly tumorigenic, angiogenic, and invasive [90, 91]. IL-8 
expression in human tumors significantly correlates with angiogenesis, as deter- 
mined by intratumor microvessel density [92]. Finally, expression of IL-8 correlates 
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with angiogenesis in non-small-cell lung carcinoma [93], metastatic growth pattern 
in melanoma [94], and disease staging and prognosis in head and neck squamous 
cell carcinoma [95]. 

It is well established that CXC chemokines with the three amino acids Glu-Leu- 
Arg (ELR) immediately amino-terminal to the CXC motif (ELR + ) are pro-angio- 
genic and stimulate endothelial cell chemotaxis, whereas ELR" CXC chemokines 
possess angiostatic activities [96, 97]. ELR + CXC ligands bind to CXCR2 and to a 
lesser degree to CXCR1, whereas ELR" CXC ligands bind to CXCR3, CXCR4, and 
CXCR5 [16]. Compared to VEGF-A, murine MCP-5/CCL12 exhibits only modest 
mitogenic properties towards endothelial cells; however, it is a potent chemoattrac- 
tant. In contrast, stromal-cell-derived factor (SDF-1/CXCL12) induces endothelial 
expression of VEGF-A which in turn upregulates CXCR4 on endothelial cells [15]. 
Although it is not always clear if the angiostatic and angiogenic effects of chemo- 
kines are direct or indirect, it is accepted that the balance between the two regulates 
neoplastic cell physiology. 



MCP-1 

MCP-1 is a potent chemoattractant of monocytes that has recently been suggested 
to play a pivotal role in tumor angiogenesis. Tumor cell-secreted MCP-1 levels have 
been correlated with blood vessel density in a number of tumors, including breast 
cancer [33, 34], squamous cell carcinoma of head, neck [98] and esophagus [29], 
gastric carcinoma [28], and hemangioma [99]. Furthermore, high levels of tumor 
MCP-1 were also found to serve as a prognostic biomarker indicating poor prog- 
nosis and early relapse [34, 98]. It has been postulated that MCP-1 in tumor tissues 
may stimulate angiogenesis by recruiting tumor-infiltrating macrophages and subse- 
quently the production of angiogenic growth factors such as VEGF, TNFa, IL-6, 
and IL-8 [34, 98]. It also appears that MCP-1 may also act on endothelial cells 
directly via cell-surface CCR2 receptor [100]. 

Other chemokines that have been implicated in stimulating angiogenesis include 
epithelial neutrophil-activating protein-78, growth-related gene alpha, growth-relat- 
ed gene beta, growth-related gene gamma, granulocyte chemotactic protein-2, and 
platelet basic protein [101]. 

Besides the above-mentioned angiogenic growth factors, cytokines and chemo- 
kines, leukocytes infiltrated into tumor tissues also make other factors that stimu- 
late angiogenesis. 



Angiogenin 

Angiogenin is a 14-kDa single-chain polypeptide composed of 123 amino acids 
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[102], The pro-angiogenic activity of angiogenin appears to be mediated through its 
direct interactions with endothelial cells [103, 104]]. Expression of angiogenin by 
both tumor cells and TAMs is regulated by pro-inflammatory cytokines, including 
IL-1|3 and TNFa. High levels of angiogenin in tumor tissues have been correlated 
with vascular involvement, lymph node metastases, liver metastases, and advanced 
stages of colon cancer [105]. Serum levels of angiogenin were significantly elevated 
in patients with endometrial cancer in all stages of tumor progression [106], and in 
patients with ovarian cancer of stages II and III [107]. 

Remodeling of ECM by leukocyte-derived proteinases 

In addition to secreting soluble growth factors, cytokines, and chemokines to direct- 
ly stimulate endothelial cells and promote angiogenesis, tumor-associated leukocytes 
also contribute to the angiogenic process by generating proteinases that remodel the 
ECM and therefore facilitate neovascularization. These proteinases include MMP- 
1, MMP-2, MMP-3, MMP-9, and MMP-12, as well as cathepsins, uPA, uPAR, plas- 
min [58, 108-110], and heparanase [111]. Cleavage of ECM macromolecules by 
various proteinases also releases various ECM-bound pro-angiogenic factors [112] 
and fragments of fibrin and collagen [113]. These precisely coordinated events sub- 
sequently result in the degradation of the basement membrane and other ECM com- 
ponents, destabilizing the local vasculature and permitting the migration and pro- 
liferation of endothelial cells, and eventually leading to tumor angiogenesis, growth, 
and metastasis. 



Endothelial cells 

Endothelial cells form a monolayer lining every blood vessel in the circulation and are 
actively involved in several regulatory processes in the body. Endothelial cells not only 
are important for transporting peptides/proteins and small solutes to the tissues, they 
also regulate blood coagulation and vascular remodeling. In addition, they contribute 
to the recruitment of the immune cells to the inflammatory site through a concerted 
process involving adhesion molecules, chemokines, and cytokines as detailed below. 



Adhesion molecules 

Cell adhesion molecules can be classified into four families depending on their bio- 
chemical and structural characteristics. These families are the selectins, the immuno- 
globulin supergene family, the cadherins, and the integrins. Members of each fami- 
ly are implicated in neovascularization. 



109 




Li Yan et al. 



Integrins are a group of cell-adhesion receptors consisting of non-covalently 
associated a and |3 subunits that can heterodimerize in more than 20 combinations. 
Endothelial cells express several distinct integrins, allowing attachment to a wide 
variety of ECM proteins [114]. To initiate the angiogenic process, endothelial cells 
must dissociate from neighboring cells before they can invade the underlying tissue. 
During invasion and migration, the interaction of the endothelial cells with the 
ECM is mediated by integrins. Cell-cell contact and cell-ECM interactions are also 
essential during the final phases of angiogenesis, when endothelial cell polarity is 
defined and capillary loops are formed [115]. 

Integrin a v (3 3 was found to be particularly important during angiogenesis. a v |3 is 
a receptor for a number of proteins with an exposed RGD sequence, including 
fibronectin, vitronectin, laminin, von Willebrand factor (vWF), fibrinogen, and 
denatured collagen. In addition, a v (3 3 has been shown to bind MMP-2 in an RGD- 
independent manner, thereby localizing MMP-2-mediated matrix degradation to the 
endothelial cell surface [114, 116]. a v (3 3 is nearly undetectable on quiescent 
endothelium, but is highly upregulated during cytokine- or tumor-induced angio- 
genesis. In activated endothelium, a v (3 3 suppresses the activity of both p53 and the 
p53-inducible cell-cycle inhibitor p21 WAF1/CIP1 ? while increasing the ratio of the anti- 
apoptotic Bcl-2 to pro-apoptotic Bax proteins, resulting in an anti-apoptotic effect 
[117]. Consequently, a v |3 3 was found to promote melanoma growth by regulating 
tumor cell survival [118]. 

Another receptor that has been implicated in angiogenesis is integrin a v (3 5 . Anti- 
bodies directed against a v (3 3 were found to specifically block FGF-1- or TNFa- 
induced angiogenesis, whereas antagonists of a v (3 5 blocked VEGF-induced angio- 
genesis [119]. Finally, a human antibody in clinical development against both a v |3 3 
and a v P 5 has also been shown to inhibit angiogenesis and tumor growth in pre-clin- 
ical models [120]. 

Besides integrins, a number of other cell-adhesion molecules are involved in 
angiogenesis. Vascular endothelial cadherin mediates calcium-dependent 
homophilic interactions between endothelial cells. Recently, knockout studies in 
mice demonstrated that a deficiency or truncation of vascular endothelial cadherin 
induces endothelial cell apoptosis and inhibits transmission of the endothelial sur- 
vival signal by VEGF, leading to embryonic lethality [121]. Members of the 
immunoglobulin superfamily mediate heterophilic cell-cell adhesion. Intercellular 
adhesion molecule-1 (ICAM-1) and VCAM-1 are expressed on quiescent endotheli- 
um, but are upregulated after stimulation with TNFa, IL-1, or interferon y (IFNy) 
[122]. Moreover, VCAM-1 can induce chemotaxis in endothelial cells in vitro and 
angiogenesis in vivo [123]. Also, members of the selectin family, in particular P- 
selectin and E-selectin, which promote adhesion of leukocytes to cytokine-activated 
vascular endothelium, have been shown to play a role in angiogenesis [123]. E- 
selectin was found to induce endothelial migration and tube formation in vitro and 
angiogenesis in vivo [124]. However, little is known about the mechanism of action 
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of these molecules, and mice deficient in both E-selectin and P-selectin are viable 
and fertile [125]. 

Anti-inflammation as an anti-cancer therapeutic opportunity 

Because of the essential tumor-promoting functions played by the large variety of 
pro-angiogenic growth factors, cytokines, chemokines, and proteinases secreted by 
tumor-infiltrating leukocytes, it is tempting to explore the utility of anti-inflamma- 
tory drugs as anti-cancer therapeutics to inhibit tumor angiogenesis and metastasis. 
This rationale is strongly supported by the significant correlation between long-term 
use of aspirin and NSAIDs and the reduction of cancer risks [3, 4]. It is now becom- 
ing clear that NSAIDs inhibit tumor angiogenesis by their ability to attenuate cyclo- 
oxygenase-2 (COX-2) activity, a key enzyme in converting arachidonic acid to 
prostaglandins, which in turn induce inflammatory reactions [126]. In a recent 
study, a specific COX-2 inhibitor, celecoxib, was tested on familial adenomatous 
polyposis patients in a double-blind placebo-controlled study [127]. Six months of 
twice-daily treatment with 400 mg led to a significant reduction in the colorectal 
polyp burden. 

TNFa is one of the most important mediators of inflammation and has been 
linked to the stimulation of angiogenesis by inducing the production of angiogenic 
factors, chemokines, and MMPs and by stimulating fibroblast growth and function 
[128]. Therefore, blocking TNFa bioactivity or inhibiting TNFa production may 
represent an attractive anti-cancer therapy. In rheumatoid arthritis patients, anti- 
TNFa antibody inhibited cytokine production, reduced angiogenesis, prevented 
leukocyte infiltrate into the joints, reduced plasma levels of MMPs, and improved 
bone marrow function. All these actions would be useful in a biological therapy for 
cancer [128]. 

In addition to TNFa antagonists, less-specific anti-inflammatory agents may also 
have some place in cancer therapy. Thalidomide inhibits the processing of mRNA for 
cytokines such as TNFa and VEGF. Continuous low-dose thalidomide has shown 
activity in a study of 84 previously treated patients with advanced myeloma [129]. 
Thalidomide also induced modest anti-tumor responses in malignant glioma [130]. 

As our understanding and appreciation of the role of inflammation in cancer 
progression evolves, it is clear that new therapeutic opportunities for treating can- 
cer are emerging. Tumor angiogenesis is a complex process that is intimately linked 
to inflammation. Inflammation induces angiogenesis and angiogenesis further stim- 
ulates inflammation, both processes leading to tumor growth, metastasis and dis- 
ease progression. Breaking this cycle by inhibiting targets such as cytokines, 
chemokines, and other inflammatory mediators, either alone or more realistically in 
combination with other therapies such as anti-angiogenics or classic cytotoxics, may 
provide highly efficacious therapies for the treatment of malignancies. With recent 
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encouraging progress in the development of anti-angiogenic therapeutics, exampled 
by the clinical success of Avastin (an anti-VEGF monoclonal antibody) [131], it 
becomes more attractive to explore the use of anti-inflammatory drugs for oncolo- 
gy by testing their anti-angiogenic properties. However, when considering using 
anti-inflammatory strategies for anti-cancer therapies, one should carefully consid- 
er the potential consequences of inhibiting immune and inflammatory cells which 
also participate in anti-tumor immune surveillance. With their capacity to elicit 
cytotoxic responses and phagocytic activity, these cells undoubtedly are integral 
components of the first-line defense system of the body’s response to fight cancer, 
and are the basis for anti-cancer immunotherapy. In addition, various proteinases 
expressed by tumor-infiltrating leukocytes are also capable of cleaving endogenous 
proteins to generate protein fragments with anti-angiogenic properties [132, 133]. 
Therefore, the challenge for clinical oncologists and experimental cancer researchers 
will be to identify the appropriate molecular targets, cancer types and disease stages 
for this type of therapy, and to optimize the therapeutic windows and regimens of 
anti-inflammatory cancer therapies. It is likely that a combination of these agents 
with another mode of therapy such as a cytotoxic, cytostatic, or anti-angiogenic 
drug may prove to be most effective. Selecting the appropriate patient population 
will likely involve the identification of a set of biomarkers to accurately reflect the 
nature of inflammatory responses in tumor tissues, and to reliably predict the ben- 
efits of such therapies. 
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Introduction - Basic apoptotic mechanisms 

The pathobiology of chronic inflammation and of cancer share many common 
attributes. Both can be considered “nonhealing wounds” due to the loss of normal 
tissue integrity. Both show evidence of dysregulated proliferation of particular cell 
types and consequently both are associated with hyperplasias. In addition, both 
chronic inflammation and cancer are also dependent on subverting the process of 
programmed cell death. The term “apoptosis” was first coined over 30 years ago to 
describe the morphological phenomenon known as programmed cell death [1]. In 
that time, many researchers have teased out the intricate pathways responsible for 
generating apoptotic responses in various cell types and in different contexts. We 
can now broadly divide apoptotic responses into two main types, extrinsic and 
intrinsic, although these are not mutually exclusive. 

The extrinsic or receptor-mediated pathway occurs when a cell-surface receptor 
such as CD95/Fas/Apol or other tumor necrosis factor receptor (TNFr) superfami- 
ly member is bound by its cognate ligand e.g. Fas ligand (FasL)/CD95L/ApolL or 
tumor necrosis factor a (TNFa) [2]. Ligand binding causes the receptor to trimer- 
ize, and to recruit a death domain-containing protein such as Fas-associated death 
domain (FADD), which in turn recruits procaspase-8 through interactions of death 
effector domains on both the proenzyme and FADD (Fig. 1). This complex con- 
taining FADD and procaspase-8, when recruited to the cytoplasmic tail of a death 
receptor, is termed a death-induced signaling complex or DISC. Procaspase-8 auto- 
catalytically activates, probably through proximity interactions [3], and this starts a 
caspase-activation cascade ultimately leading to activation of effector caspases, e.g. 
caspase-3 and -6. These caspases are responsible for the proteolysis of various cel- 
lular proteins associated with apoptosis, for instance lamin, as well as activation of 
CAD, the caspase-activated DNase that generates the characteristic nucleosomal 
fragments [4]. 

The intrinsic or mitochondrial pathway is dependent on changes in mitochondr- 
ial permeability, mediated through Bel family proteins, such as Bax, and the release 
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Figure 1 

Extrinsic and intrinsic pathways of apoptosis. See text for explanation. 

Cyt c, cytochrome C; FasL, Fas ligand; Apaf-1 r apoptotic protease-activating factor 1. 



of cytochrome C [5]. A complex called the apoptosome is formed consisting of 
released cytochrome C, apoptotic protease-activating factor 1 (Apaf-1) and procas- 
pase-9 (Fig. 1). Oligomerization of Apaf-1, occurring after complex formation with 
cytochrome C, allows multiple procaspase-9 molecules to associate and activate by 
proximity interactions [6]. Processing of the procaspase occurs and a resultant cas- 
pase cascade leads to activation of effector caspases. As one of the examples of 
cross-talk between the two pathways, in some cell types caspase-8 not only results 
in direct activation of effector caspases but can also process another Bcl-2 proapop- 
totic family member Bid to the smaller tBid form that causes mitochondrial perme- 
ability and thus activation of the intrinsic pathway [7, 8]. 

Cells that use the receptor-mediated pathway have been subdivided into two cat- 
egories, Type I and Type II [9, 10]. Type I cells are characterized by strong DISC for- 
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mation in response to CD95 ligation with no cytochrome C release and, therefore, 
in these cells apoptosis cannot be inhibited by Bcl-2 or similar family members. Type 
I cells include thymocytes or fibroblasts, which have been shown to die in response 
to treatment with anti-Fas antibodies even in Bid - null mice [11]. Type II cells, on the 
other hand, use both receptor and mitochondrial pathways when a death receptor 
is activated. In these cells, receptor ligation results only in a weak procaspase-8 acti- 
vation so amplification of the signal occurs through processing of Bid and conse- 
quent activation of the mitochondrial pathway. When this is the case, Bcl-2 expres- 
sion can block apoptosis induced by either extrinsic or intrinsic pathways. For 
example, hepatocytes exhibit massive cell death in response to anti-Fas antibody; 
however, those from Bid - null mice [11] or animals in which Bcl-2 is overexpressed 
are protected [12, 13]. 

Another consequence of the activation of either apoptotic pathway is the translo- 
cation of phosphatidylserine to the outer cell membrane [14, 15]. This allows recog- 
nition of apoptotic cells by macrophages and their subsequent removal without gen- 
erating an inflammatory response, one of the key hallmarks of the apoptotic process. 



Apoptosis in cancer 

Necessity for apoptosis 

In their seminal review describing the process of tumorigenesis, Hanahan and Wein- 
berg listed resistance to apoptosis as one of six necessary attributes for a tumor to 
develop [16]. Lessons learned from transgenic and knockout mice underscore the 
importance of apoptotic resistance in cancer development [17, 18]. Innate suicide 
mechanisms have evolved as safeguards against inappropriate accumulation of cells. 
Regulated growth is a balance between proliferative and death processes [19]. In 
tumors, both processes occur although the balance is frequently altered in favor of 
increased proliferation. As a mechanism of maintaining the appropriate balance, 
many proliferative signals can also induce cell death. A classic example is the El A 
viral oncogenic protein. El A induces proliferation via inactivation of the retinoblas- 
toma (Rb) tumor suppressor. This leads to increased cell-cycle progression and thus 
proliferation. Loss of Rb function however also results in deregulated E2F tran- 
scription factor activity that directly induces pl9ARF, an inducer of the pleiotropic 
signaling molecule p53, one function of which is to induce apoptosis. For E1A to 
successfully transform cells without triggering cell suicide, the p53 protective path- 
way must be bypassed [20]. Adenovirus can achieve this by co-expression with El A 
of another viral gene E1B that acts to suppress apoptosis [21]. Hence E1A expres- 
sion leads to both proliferative and apoptotic signals; however, the apoptotic signals 
can be selectively blocked by co-expression of E1B [22]. By studying the mecha- 
nisms through which E1B confers apoptotic repression, a number of pro- and anti- 
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apoptotic molecules become apparent. p53 is one such pro-apoptotic molecule that 
often becomes mutated or lost in tumor cells, thus bypassing an innate suicide trig- 
ger. In fact, TP 5 3 (the gene that encodes p53) is the most commonly mutated gene 
in tumors [23]. 



Selection 

What causes these protective mechanisms to be overcome? Is it a signal inherent to 
oncogenic signaling? As can be seen from the example with El A, it is not necessar- 
ily the case that an oncogene will also confer apoptotic resistance. In fact, the oppo- 
site is often true. Due to effects on the cell cycle, some oncogenes actually promote 
apoptosis as a consequence of pushing toward proliferation, and triggering the 
apoptotic failsafe [24]. In a normal cell this would lead to cell death. In transformed 
cells where DNA mutations have arisen, some cells evolve mechanisms to counter- 
act the death signal. For example, TP53 may be mutated although this is frequent- 
ly a late-stage mutation in many cancers. In some cells it is not the suicide signals 
from within but environmental pressures from without that force evolution of resis- 
tance. For example, we have shown that constant exposure to the death protein 
FasL of cells with functional components of the Fas pathway can select for a group 
of cells with the ability to evade that signal [25, 26]. The FasL may be from infil- 
trating immune cells or, in its solubilized version as generated by metalloproteinase 
activity, from cells adjacent to the nascent tumor. Another common selective pres- 
sure is loss of contact with extracellular matrix (ECM). Binding of cells to con- 
stituents of the ECM via cellular integrins is known to transmit survival signals and 
loss of these signals leads to a form of apoptosis known as anoikis [27, 28]. As 
tumors divide and lose their polarity, integrin binding and the attendant survival sig- 
nals are frequently lost, forcing tumor cells to develop other methods of resisting cell 
death [29]. Hypoxia is another common feature of the tumor microenvironment. 
Low oxygen levels often cause cellular apoptosis through stress protein-mediated 
mitochondrial pathway activation. Tumor cells that can overcome these signals thus 
have a survival advantage; therefore, hypoxia acts as a selective pressure for cells 
with apoptotic resistance mechanisms [30]. 



Examples of resistance mechanisms 

There are a myriad of ways in which tumor cells can evade a death signal. Here we 
discuss several of them. 

The Bcl-2 proto-oncogene was initially discovered associated with the break- 
point of a chromosomal translocation t(14:18) in B cell follicular lymphomas [31]. 
Further studies demonstrated that Bcl-2 was frequently overexpressed in tumors of 
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Table 1 - Mammalian members of the Bcl-2 family, subdivided into those that have been 
shown to act to inhibit apoptosis (anti-apoptotic) and those that induce it (pro-apoptotic). 



Anti-apoptotic 


Pro-apoptotic 


Bcl-2 


Bcl-X s 


Bcl-X L 


Bad 


Bcl-w 


Bid 


A1 


Bax 


Mcl-1 


Bok 




Bak 




Bik 




Bim 




Blk 




Mtd 




Nix 




Hrk 



diverse origins [32]. Most importantly, it was the first oncogene discovered to func- 
tion through a death-repressing rather than proliferation-promoting activity. This 
was established through studies in which overexpressed Bcl-2 resulted in cell sur- 
vival even in the face of potent death signals, e.g. growth factor withdrawal or y- 
radiation. Conversely, downregulation of Bcl-2 expression by antisense oligonu- 
cleotides led to cell death [33]. 

There are now known to be multiple Bcl-2 family members that can be divided 
into two distinct subgroups - those that promote and those that inhibit apoptosis 
(Tab. 1) [32]. Bel family members interact by dimerization (both homo- and hetero-) 
and it is this process that controls whether pro- or anti-apoptotic signals are domi- 
nant. A number of animal studies have illustrated the advantages for a tumor of 
altering levels of specific Bcl-2 proteins. For example, overexpression of the onco- 
gene myc leads to cellular transformation and tumor development; however, when 
combined with overexpression of the anti-apoptotic molecule Bcl-2, tumorigenesis 
is accelerated [34, 35]. Conversely, reduced levels of the pro-apoptotic protein Bax 
could accelerate mammary tumorigenesis in C3-SV40-TAg mice [36]. In this model, 
haploinsufficiency of Bax was sufficient to observe the effect. Also, it has been 
shown that survival signals from ECM are mediated through increased Bcl-2 or Bcl- 
X L levels [37]. Perturbation of the integrin survival signal results in changes in sub- 
cellular localization of the pro-apoptotic protein Bax and subsequent cell death [38]. 
In tumor cells however, the levels of anti-apoptotic proteins do not fall and nor do 
pro-apoptotic Bel proteins increase, with the end result being survival in the face of 
a normally potent death signal [39]. 
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It has now become apparent that the Bcl-2 protein family can be controlled at 
multiple levels: transcriptional and post-transcriptional control of expression, pro- 
tein turnover, conformation changes, proteolytic processing, and protein phospho- 
rylation [32, 40]. Tumor cells have been shown to exploit all of these mechanisms 
to effect apoptotic resistance. 

Expression of proteins known as inhibitors of apoptosis (IAPs) has recently 
gained prominence as a common resistance mechanism in cancers. IAPs were origi- 
nally identified in baculovirus and found in many organisms from Caenorhabditis 
elegans , to Drosophila and mammals, indicating an ancient lineage [41] . There are 
eight known human IAPs: NAIP, cIAPl/HIAP-2, cIAP2/HIAP-l, XIAP, Livin, 
MLIAP, survivin and BRUCE, identified by the presence of one or more baculoviral 
IAP repeat (BIR) domain. These proteins act as inhibitors of the caspases, the pro- 
teolytic effectors of apoptosis. Survivin is one of the best-studied IAPs in human 
malignancies. Its expression appears to be mediated by at least two oncogenic path- 
ways - p53 and the WNT/p-catenin pathway [42]. Survivin expression has been 
reported to be low in most adult human tissues; however, it is frequently overex- 
pressed in many cancers and has been correlated with poor prognosis and survival 
of certain patient groups [43-47]. Targeted overexpression of survivin in mouse skin 
protects against ultraviolet radiation-induced apoptosis [48]. Conversely, livers 
from mice heterozygous for survivin demonstrated spontaneous apoptosis and 
increased susceptibility to Fas-induced cell death [49]. In addition, administration of 
antagonists of survivin was shown to suppress in vivo tumor growth. Homozygous 
deletion of survivin did not result in viable embryos due to defects in cell division, 
another role for this protein [50]. While survivin, like other IAPs, binds to caspas- 
es, it is thought that its principal mechanism of apoptosis inhibition is through mod- 
ulation of the mitochondrial pathway. 

The nuclear factor kB (NF-kB) family is another multi-protein family [51]. The 
most commonly expressed version consists of a heterodimer of Rel and p50, which 
is maintained in the cytoplasm in an inactive state through binding of inhibitory 
proteins of the inhibitor of kB (IkB) family. Specific cellular signals result in activi- 
ty of kinases that phosphorylate IkB on particular serine residues. This phosphory- 
lation event triggers ubiquitination and subsequent degradation by the proteasome 
of the inhibitor. Loss of the IkB protein frees the NF-kB dimer and it translocates to 
the nucleus where it can influence transcription of a variety of genes through bind- 
ing to specific promoter elements. Many human cancer cell lines and samples from 
primary tumors have been shown to have constitutive NF-kB activity that may con- 
tribute to apoptotic resistance. This can be mediated through increased Bcl-2 
expression, increased survivin expression or other molecules that directly interfere 
with various components of the apoptotic machinery. It is important to note how- 
ever, that NF-kB is a multifunctional molecule and there are targets of this pathway 
that are pro-apoptotic, e.g. IEX-1 [52]. As with many molecules in cancer biology, 
the context i.e. the specific cell type and the other signals manifested concurrently, 
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ultimately determines whether the dominant role of NF-kB activity is pro- or anti- 
apoptotic. 

FADD-like IL-1 (3-converting enzyme (FLICE) inibitory protein (FLIP), a direct 
inhibitor of FasL signaling, is a molecule that binds to FADD and prevents procas- 
pase-8 activation [53]. It is therefore a specific inhibitor of the extrinsic pathway 
[54] and is one of the mechanisms used to evade immune cell targeting of tumors. 
This was specifically demonstrated in a study using murine lymphoma cells trans- 
planted into syngeneic mice [55]. Tumor cells expressing high levels of FLIP were 
significantly more tumorigenic than those with low levels and this occurred in mice 
wild-type or null for perforin, another molecule thought, like Fas, to be important 
for immune-mediated killing of tumor cells. In human patients, overexpression of 
FLIP has been reported in melanomas [54]. 



Apoptosis in immune cell control and inflammation 

Much of what we know about apoptotic mechanisms has come from studies with 
immune cells. This is partly due to the ease with which immune cells, from both exper- 
imental animals and humans, can be obtained but also because the immune system is 
a prime example of the necessity for cell-death mechanisms to maintain homeostasis. 
When a foreign antigen is detected, immune responses ensure a rapid and, ideally, 
overwhelming targeting of the foreign material through expansion of B and T cells 
that specifically recognize that target. This is achieved through a complex network of 
cellular signaling mechanisms. One of the most important elements of the immune 
response is its rapid downregulation once the target has been neutralized. Dampening 
of the immune response is necessary as otherwise there would be an ever-increasing 
number of lymphocytes and effector cells capable of causing massive tissue destruc- 
tion. Activation-induced cell death (AICD) is the predominant mechanism for main- 
tenance of immune-system homeostasis. In AICD, lymphocytes use the Fas/FasL path- 
way to commit cellular suicide when they are no longer required [56]. Mice with 
mutations in either FasL (gld animals) or Fas (Ipr animals) show very similar pheno- 
types, a general lymphoproliferative disorder that results in an excessive expansion of 
the lymphoid organs, e.g. thymus and spleen, and premature death of the animal [57, 
58]. Humans with mutations or deletions of these genes also show lymphoprolifera- 
tive and autoimmune symptoms [59, 60]. In addition, removal of self-reactive T and 
B lymphocytes necessary for immunological tolerance has been shown to require acti- 
vation of Fas [61]. Resistance to Fas-mediated apoptosis in immune cells can therefore 
lead to serious pathological conditions such as autoimmunity, chronic inflammation 
or hematological cancers [62]. In most cases it is not defects in Fas or FasL but aber- 
rant expression of signaling molecules downstream of the receptor that is responsible 
for resistance. These include many of the molecules already mentioned as being impor- 
tant in tumor development such as members of the Bel family, NF-kB, and FLIR 
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In response to damage caused by microbial pathogens or physical injury, the 
body exerts an inflammatory response. The purpose of the response is two-fold - to 
remove any extraneous pathogens and to induce tissue repair. Nearly 2000 years 
ago, the four hallmarks of inflammation were defined by the Roman scientist Cel- 
sus as “rubor, calor, dolor, tumor” that is redness, heat, pain, and swelling [63]. 
These are the symptoms of the chemical signals prostaglandins and cytokines, 
released by immune cells quickly recruited to the area of damage. Although uncom- 
fortable these symptoms are a sign of an active repair process by the body. Chronic 
inflammatory states occur when this damage-control process is not appropriately 
downregulated. 

The first sensors of injury are tissue-resident cells [64]. These can be macro- 
phages (e.g. Kupffer cells of the liver or alveolar macrophages in the lung) or mast 
cells. Damaged tissue or microbial organisms release chemical signals detected by 
these sensor cells which in turn release their own set of signals - histamines, 
eicosonoids, and inflammatory cytokines such as TNFa. Dilation of nearby blood 
vessels and release of fluids from the vessels occurs as a result of these signals so 
allowing recruitment of additional inflammatory cells to the site. These physical 
changes manifest as the symptoms of inflammation described by Celsus. Neu- 
trophils are activated through a combination of signals leading to the respiratory 
burst, degranulation, and hence release of a range of molecules including proteases 
(elastase, matrix metalloproteinase- 8 (MMP-8), MMP-9), oxidants, and anti-bacte- 
rial proteins. Chemokines produced by mast cells, macrophages and neutrophils 
also serve to recruit lymphocytes. Cytotoxic T lymphocytes can kill infected or dam- 
aged cells by inducing apoptosis through Fas ligation or by using the perforin/ 
granzyme system, which can activate the mitochondrial pathway [65], Changes in 
the membranes of dying cells allow them to be recognized and engulfed by 
macrophages. Similarly, neutrophils that have performed their function are also 
cleared by macrophages. An inflammatory site therefore contains a variety of cell 
types and mix of proteases, reactive oxygen species, nitric oxide (NO) produced by 
inducible nitric oxide synthase (iNOS), an enzyme induced by inflammatory cells, 
and other chemicals, all with the task of removing terminally damaged tissue, 
remodeling the area of tissue damage and promoting tissue healing. Normally the 
process is tightly controlled and, upon resolution, immune cell activity and number 
are downregulated. However, in some cases resolution never occurs and a cycle of 
immune-mediated tissue destruction begins. In some cases, the persistent inflamma- 
tory state is related to autoimmune reactions where particular tissue antigens are 
viewed as foreign and thus provoke constant immune responses. This occurs for 
example in multiple sclerosis [66]. In other pathologies the etiology is not com- 
pletely understood although autoimmune reactions may play a role, e.g. in inflam- 
matory bowel diseases (IBDs) [67]. 

Apoptosis-resistant phenotypes have been described in a number of inflammato- 
ry diseases and efforts made to identify precisely the mechanisms associated with the 
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resistance. For example, in clinically active multiple sclerosis, overexpression of the 
FLIP protein was observed in T cells and this correlated with the resistance of these 
cells to cell death [68]. IBDs can be divided into two subcategories - those that are 
Thl -associated such as Crohn’s disease and those that evidence features of a Th2- 
mediated response such as ulcerative colitis [67]. In both types, the gut T cells 
involved demonstrate much-reduced sensitivity to apoptosis. This is both Fas- 
dependent (as used in AICD) and mitochondrially associated, illustrated by a resis- 
tance to lymphokine deficiency-induced apoptosis. Changes in expression of various 
Bel family proteins have been detected in IBD patient samples and again correlated 
with apoptotic resistance [69-71]. In rheumatoid arthritis, several apoptosis-resis- 
tance mechanisms have been identified in both the inflammatory cells and the syn- 
ovial fibroblasts that constitute the disease lesions [72]. 



Implications of apoptotic resistance: Inflammation as a cancer risk factor 

Recently, the general concept that chronic inflammation is a risk factor for tumor 
formation has gained considerable momentum. Epidemiological studies have uncov- 
ered strong connections between chronic inflammation and carcinoma in the same 
tissue, particularly in the gastrointestinal and female reproductive tracts [73-80]. 
Chronic inflammation can arise from the persistence of a causative stimulus of acute 
inflammation or as a de novo response, with no apparent acute component. The 
chronic nature can be a result of infectious organisms resistant to immune response 
(e.g. Helicobacter pylori in the gastric mucosa, hepatitis virus in the liver, papilloma 
virus in the cervix), physical perturbations (e.g. ductal blockage in the pancreas or 
acid-reflux damage in Barrett’s esophagus), or an autoimmune response (IBD). No 
matter the method of initiation, the persistence of inflammation assaults the target 
tissue with a morass of conflicting signals. As with an acute response, immune cells 
damage cells of the inflamed tissue and, in later stages, stimulate the target tissue to 
proliferate and heal. But in the chronic situation, with the inflammatory response 
unresolved, the tissue undergoes a constant cycle of destruction and healing; of 
death and proliferation. While the connection between chronic inflammation and 
cancer is certainly complex, there is some evidence that the constant bombardment 
of the target tissue with pro-apoptotic signals plays a significant role in the transi- 
tion of chronic inflammation to neoplasia. 

A number of groups have noted that persistent exposure of cells in culture to 
pro-apoptotic signals leads to cells resistant to apoptosis in general [25, 26, 81-83]. 
If this sort of selective process were to happen in vivo , by itself, it would be of little 
consequence. However, in the larger context of chronic inflammation, where the 
process is also promoting angiogenesis, proliferation, and genetic aberration, there 
is the very serious potential for full-blown apoptosis-resistant neoplastic transfor- 
mation. Of course, the progression from chronic inflammation to neoplasia takes 



131 




Barbara Fingleton and Howard C. Crawford 



place gradually, and as such we can begin to dissect some of the cell-biological and 
molecular changes associated with chronic inflammation and early tumor progres- 
sion. Not surprisingly, a number of these changes reflect alterations in the suscepti- 
bility of cells to apoptosis. 

A pathological change common to tissues with chronic inflammation and early 
neoplasia is the presence of epithelial metaplasia, the apparent replacement of one 
predominant epithelial cell type with another. Metaplasia is most clearly recognized 
and documented in Barrett’s esophagus, where the normal esophageal epithelium is 
replaced by what appears to be intestinal epithelium [84]. Similarly atrophic gastri- 
tis is frequently marked by intestinal metaplasia [85]. In the colon, a fairly common 
Paneth cell metaplasia is associated with ulcerative colitis [86]. In chronic pancre- 
atitis, there is an apparent acinar-to-ductal-cell metaplasia [87]. Most importantly, 
in each case, the nearby normal epithelium is undergoing apoptosis whereas the 
metaplastic cells are recalcitrant to the death-inducing signals affecting their neigh- 
bors. 

In pathology, the frequency with which metaplasia is found associated with can- 
cer has led to the hypothesis that metaplasia is a potential cancer precursor. This is 
an attractive hypothesis considering the apparent plasticity of differentiation that 
metaplasia represents. However, it is also clear that these metaplastic cells are either 
not susceptible to or are able to actively escape the pro-apoptotic environment of 
the chronically inflamed state. Similar to the mechanisms that some cancers use to 
evade apoptosis, the majority of evidence suggests that metaplastic cells have acti- 
vated anti-apoptotic pathways. The most commonly described mechanism of apop- 
totic resistance in metaplasia is expression of Bcl-2. The metaplastic atrophic gas- 
tritis [88], Barrett’s esophagus [89], and chronic pancreatitis [90] have each been 
shown to express this anti-apoptotic factor. Expression of NF-kB is also commonly 
observed in the metaplastic epithelium of gastritis [91], hepatitis [92], and IBD [93, 
94]. It is likely that other protective pathways commonly found in cancerous tissue 
are also active, but have yet to be examined. 

Expression of anti-apoptotic molecules in metaplastic epithelium has serious 
implications for cancer risk. However, simple apoptotic resistance is not sufficient 
to give rise to a tumor. The proliferative nature of metaplastic epithelium certainly 
lends concomitant apoptotic resistance more weight, but even so, according to this 
model, enhanced expression of anti-apoptotic proteins is likely to disappear if the 
selective pressure of the inflammation can be resolved. Much more ominous is the 
recent association of iNOS activity with inactivating p53 mutations in colon cancer 
[95]. This is particularly interesting considering that iNOS is the predominant NOS 
expressed at sites of both inflammation and cancer and that the resulting overpro- 
duction of the free radical nitric oxide has been shown to lead to DNA damage and 
mutagenesis, primarily via reaction with molecular oxygen to form peroxynitrite. 
Intriguingly, low levels of NOS activity can itself protect from apoptosis in a p53- 
dependent manner, whereas high levels induce apoptosis also in a p5 3 -dependent 
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manner [96]. In chronic inflammation, where iNOS is the predominant NOS activ- 
ity, NO levels tend to be high and, as such, contribute significantly to tissue destruc- 
tion. It is tempting to speculate that the presumably random mutagenic activity of 
peroxynitrite should appear to more precisely target p53 inactivation, a phenome- 
non consistent with p53 mutation being a selective means to escape from NOS- 
induced apoptosis and form a more direct link between chronic inflammation and 
tumorigenesis. Consistent with this, a high proportion of ulcerative colitis samples 
have been shown to carry inactivating p53 mutations [95]. 

It is not obvious why metaplasia is associated with chronic inflammation. We 
have assumed that the metaplastic epithelia are not susceptible or are actively resis- 
tant to apoptosis, otherwise they would not be evident at all. However, with the 
multitude of signals provided by chronic inflammation, it is not yet known whether 
pro- or anti-apoptotic signals are required for the metaplastic transition. We have 
shown that genetic ablation of pro-apoptotic MMP-7 or FasL activities severely lim- 
ited acinar-to-ductal metaplasia in chronic pancreatitis [26]. Similarly, diminishing 
apoptosis by inducing pancreatitis in a p53-null background also reduces ductal 
metaplasia [90]. While it is possible that these molecules have other signaling roles 
that influence metaplasia, it is intriguing to speculate that apoptotic resistance is 
intrinsic to these potential preneoplastic lesions and that upsetting the balance of 
either pro-apoptotic (selective pressure) or anti-apoptotic (protective signal) mole- 
cules would negatively influence their formation. Whatever the precise mechanisms 
involved, it is clear that the response of glandular tissue to chronic inflammation 
includes the genesis of cells, usually proliferative, that are resistant to apoptosis and 
frequently associated with early tumor progression. 



Overcoming apoptotic resistance as a therapeutic approach 

Selective resistance to apoptosis was first recognized as a major health-related prob- 
lem with the recurrence of cancer following chemotherapy. Far too often the re- 
emergent tumor was unresponsive to the treatment protocol that appeared effective 
in prior attempts. It is now recognized that the majority of chemotherapeutic agents 
act by inducing apoptosis in their cellular targets [97, 98]. As the molecular path- 
ways of apoptosis are better understood, it has become clear that the effects of selec- 
tive pressure on a genetically unstable, rapidly dividing group of cells was usually 
temporary relief of the tumor burden, followed by the outgrowth of a subpopula- 
tion that carried advantageous resistant mutations. This is most evident with thera- 
peutic agents that act through DNA damage (y-radiation, 5-fluorouracil (5-FU), cis- 
platin, etc.), the apoptotic response normally being p53-dependent. Not surprising- 
ly, tumors, especially late-stage tumors, initially resistant to these agents were found 
to have a high prevalence of inactivating p53 mutations [99]. Similarly, recurrence 
of resistant cancers from tumors initially responsive to these agents also were fre- 
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quently found to have p53 mutations [100]. Over the years, evidence has accumu- 
lated to suggest that various other molecules responsible for resistance to apoptosis 
can be activated in chemoresistant tumors and other diseases [101-104]. Investigat- 
ing methods that could modulate the function of these critical molecules has become 
a major activity in translational research and has resulted in some novel therapies 
currently being tested in the clinic. 

As discussed previously, the pathology of IBD is related to excessive T cell activ- 
ity in the gut. Investigative treatments for IBD include blocking particular pro- 
inflammatory cytokine pathways such as those mediated by interleukin-6 (IL-6) 
[105] or IL-12 [106, 107]. Blocking either of these pathways increases T cell apop- 
tosis and ultimately results in attenuation of the inflammatory state. IL-12 block- 
ade appears to influence Fas-dependent apoptosis through a pathway independent 
of Bcl-2 proteins whereas IL-6 blockade induces upregulation of pro-apoptotic Bcl- 
2 family members and thus promotes the mitochondrial pathway of apoptosis 
[108]. 

Inhibition of NF-kB has been demonstrated in a number of animal models to be 
an effective method of overcoming apoptotic resistance. In many cases this has been 
achieved by overexpression of a so-called “super-repressor” form of IkBcx, which 
lacks the serine residues necessary for phosphorylation and therefore subsequent 
ubiquitination, thus preventing NF-kB translocation to the nucleus [101]. Addi- 
tionally, non-steroidal anti-inflammatory drugs (NSAIDs) have been shown to act, 
at least in part, through modulation of NF-kB. For example, sulindac treatment can 
cause apoptotic cell death in colon cancer cells deficient in cyclo-oxygenase activity, 
the recognized target of this drug [109]. This is thought to be a result of inhibiting 
IkB kinase (IKK), the enzyme required to phosphorylate the repressor IkB. Protea- 
some inhibitors are another way of inhibiting NF-kB activity as proteasome-depen- 
dent degradation of IkB is necessary for release of the active NF-kB signaling mole- 
cule [110]. Velcade, previously known as PS-341, from Millennium Pharmaceuticals 
Inc. was recently approved by the US Food and Drug Administration (FDA) for use 
in relapsed and refractory multiple myeloma. It is the first proteasome inhibitor to 
receive FDA approval. Velcade is being tested in a number of ongoing clinical trials 
for a variety of indications, both as a single agent and in combination with 
chemotherapy [111]. As a general proteasome inhibitor, however, the effects of vel- 
cade are not limited to downregulation of NF-kB signaling and this non-specificity 
may be an issue with this agent or others like it. Another drug, PS-1145, has been 
identified as a potent NF-kB inhibitor through inhibition of IKK. Further develop- 
ment of this agent may allow specific inhibition of NF-kB to be achieved pharma- 
cologically for the benefit of patients with cancers or inflammatory diseases. 

Antisense strategies are also being therapeutically explored [112]. Both Bcl-2 and 
survivin have been targeted and molecules directed against each of them are in clin- 
ical trials. Bcl-2 antisense, developed by Genta Inc. and known as Oblimersen/ 
Genasense/G3139, has been tested clinically both as a single agent and in combina- 
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tion with chemotherapeutic agents [113]. The agent is tolerable with no dose-limit- 
ing toxicides reported in a phase I trial in patients with acute leukemia [114]. Pre- 
liminary indications are that it shows some efficacy on its own but it has significant 
value when used in combination. Importantly, clinical specimens from patients 
treated with this drug indicate successful down-modulation of the target bcl-2 [115]. 
There are currently three different phase III trials recruiting patients in which 
chemotherapy alone versus chemotherapy plus antisense will be compared in 
patients with multiple myeloma, chronic lymphocytic leukemia, or small-cell lung 
cancer [116]. A further modification of the bcl-2 antisense approach is the develop- 
ment of a bispecific antisense molecule that targets both bcl-2 and bcl-X L [117]. 
This has been tested against a range of cell lines in vitro and against breast and col- 
orectal tumor xenografts where it significantly inhibited tumor growth while reduc- 
ing Bcl-2 and Bcl-X L protein levels. 

Survivin is upregulated early in the tumorigenic process and its expression cor- 
related with poorer prognosis. Additionally, there is very limited expression in nor- 
mal adult tissues - limited to thymocytes, bone marrow stem cells, and basal colonic 
epithelium - making it an attractive “tumor-specific” target [118]. There are sever- 
al strategies to target survivin: (i) an immune-based mechanism using survivin pep- 
tides to generate a cytolytic T cell response targeting tumor cells; (ii) molecular 
antagonists including survivin-specific antisense and ribozymes to abrogate expres- 
sion or dominant-negative mutants that abrogate survivin activity; and (iii) phar- 
macological approaches that target a specific phosphorylation event required for 
function e.g. use of flavopiridol [119]. The vaccine approach is supported by the 
demonstration that cytolytic T cells against survivin peptides can be found in 
patients with various cancers [120, 121]. All of these approaches have shown their 
potential usefulness in pre-clinical animal studies [119]. 

TNF-related apoptosis-inducing ligand (TRAIL) is, like FasL, a member of the 
TNF family of death-inducing ligands. TRAIL binds to two death receptors compe- 
tent for signaling, DR4 and DR5, and also to several decoy receptors [2]. DR4 and 
DR5 are not expressed in normal tissues but are considerably overexpressed in a 
number of cancers. This suggests the use of TRAIL as an apoptosis-inducing agent 
specific for cancer cells [122]. Recombinant TRAIL was being explored as a thera- 
peutic approach by Genentech and Immunex although its current status is 
unknown. Some doubts were raised as to whether this was a safe approach when it 
was shown that normal human hepatocytes were exquisitely sensitive to TRAIL 
exposure [123, 124]. 

The lipid kinase phosphoinositide 3-kinase and its downstream effector the ser- 
ine/threonine kinase Akt, also known as protein kinase B, are activated as a result 
of many oncogenic pathways for example, Ras [125, 126]. One of the upstream 
inhibitors of this pathway, PTEN [127], is a gene frequently lost in early tumor 
development. The functions of this pathway are myriad and include effects on cell 
cycle, glucose metabolism, transcription, and cell motility [126]. Apoptosis and cell 



135 




Barbara Fingleton and Howard C. Crawford 



survival are also significantly affected. One way in which Akt signaling has been 
shown to downregulate apoptosis in tumor cells is through phosphorylation of pro- 
apoptotic Bel family members thus blocking their function in increasing mitochon- 
drial permeability. Another target is MDM-2, which when phosphorylated moves to 
the nucleus where it modulates the function of p53 [128]. Several agents in clinical 
trials (e.g. geldanamycin, UCN-01) have been shown to affect Akt and other specif- 
ic inhibitors are being developed for use both as single agents and for use in combi- 
nation with chemotherapy. 

As stated earlier, TP53 is a gene frequently mutated in cancers. One of its many 
functions is to promote apoptosis through the mitochondrial pathway. Restora- 
tion of normal p53 activity may therefore be expected to facilitate death signaling 
in cancer cells. Both biological and chemical approaches have been explored as 
ways to restore wild-type p53 signaling in tumors [129]. Biological methods 
include p53 gene therapy i.e. deliverance of a functional TP 5 3 gene into tumor 
cells that have lost it [130], and selective deletion of cells carrying mutant protein 
using genetically engineered virus [131] or by a vaccine-stimulated immune system 
[132]. There are currently a number of clinical trials sponsored by Introgen Ther- 
apeutics examining the effects of an adenovirus carrying wild-type p53 in patients 
with head and neck cancers and, in trials sponsored by the U.S. National Cancer 
Institute, in patients with lung cancers [116]. In addition a vaccine approach, 
where peptides specifically representing mutant p53 protein are injected into 
patients to stimulate an immune response against tumor cells, is being tested 
against ovarian cancer and other solid malignancies. Chemicals that can stabilize 
or activate the mutant p53 or modulate its interaction with other proteins are also 
in development [133, 134]. 

There are a number of other therapeutic avenues currently being explored which 
would lead to reinstatement of intact apoptotic signaling, although by means of 
indirect targets. Examples include inhibitors of histone deacetylase, heat-shock pro- 
teins or 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase. For more infor- 
mation on these targets, the reader is referred to an excellent review discussing mod- 
ulators of apoptosis as therapeutic agents for cancer [113]. 

In conclusion, apoptosis is an essential mechanism for control of cell number in 
many tissues and in the cells of the immune system. Mechanisms to inhibit apopto- 
sis have evolved to allow fine control of the process and these have been subverted 
in the pathological states of chronic inflammation and tumor progression. Our 
increased understanding of the various molecules involved in the cell-death process 
and its inhibition has led to the rational design of therapeutic approaches to restore 
normal death-pathway signaling. Further refinement of these strategies combined 
with profiling of the particular pathways affected in individual patients will lead to 
effective methods of overcoming a whole range of pathological conditions and even 
chemoprevention approaches for patients at risk for tumor development following 
chronic inflammation. 
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Introduction 

Gastrointestinal malignancies are a leading cause of morbidity and mortality world- 
wide. The Global Burden of Disease study estimated that in 1990 cancers of the gas- 
trointestinal tract were responsible for more than 40% of all cancer deaths, nearly 
2.2 million people [1,2]. Interestingly, the incidence of these cancers can vary con- 
siderably between regions. This is most likely due to a variety of factors including 
environmental exposures, diet, social habits, and genetic backgrounds. Given the 
enormity of the problem, it has been the focus of intense research for many years. 
A great deal has been learned about the mechanisms governing the development and 
progression of human cancers. Research over the last decade has established that the 
progression from normal tissue to neoplasia is in every case a stepwise process 
[3-5]. Genetic and epigenetic instability appears fundamentally important to this 
process. 

An observation that has emerged from these and other studies is that cancer 
often arises in the setting of chronic inflammation [6-11]. Inflammation in this set- 
ting can act as both the initiator and promoter of carcinogenesis. Additionally, 
even in the absence of a chronic inflammatory setting, tumors themselves often 
elicit an inflammatory response that can enhance tumor growth and metastasis 
[10]. Insights gained into the role of inflammation in carcinogenesis and tumor 
progression have provided a rational basis for primary prevention [12-15] and 
have begun to affect the management of patients with cancer [16-18]. This review 
will attempt to summarize the current concepts regarding the role of cyclooxyge- 
nases (COXs) in gastrointestinal cancer development and progression, as well as 
emerging prospects for COX inhibitors in gastrointestinal cancer chemopreven- 
tion and therapy. 
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Role of inflammation in gastrointestinal cancer development 

Chronic gastrointestinal inflammatory conditions are associated with neoplasia 

The causes of chronic inflammation in gastrointestinal tissues are quite varied and 
are reviewed elsewhere in this volume (see chapter by Nam and Murthy). They 
include bacterial infections like Helicobacter pylori , a cause of chronic gastritis, and 
the chronic viral hepatidities B and C. Recurrent acute chemical or enzymatic 
injuries, as occur with gastro-esophageal reflux (GERD) or recurrent acute pancre- 
atitis, can precipitate chronic changes in these tissues as they respond to the repeat- 
ed injuries. Lastly, autoimmune processes, as is classically seen in the small intestine 
and colon with inflammatory bowel diseases (IBDs), can be a source of chronic 
inflammation as well. Despite the diversity of the causes, these chronic inflammato- 
ry conditions have all been associated with increased risks for the development of 
cancer [6-10]. 

There are a number of mechanisms that have been proposed to explain this asso- 
ciation between inflammation and cancer. Inflammatory cells, when activated, 
induce and express enzymes like NADPH oxidase, xanthine oxidase, and inducible 
nitric oxide synthase (iNOS) that generate high levels of free radicals and oxidants. 
These highly reactive oxygen and nitrogen species can in turn react with and dam- 
age DNA, RNA, lipids, and proteins, causing mutations and altered functions, and 
thus lead to neoplastic transformation [19, 20]. Cytokines, like tumor necrosis fac- 
tor a (TNFa) and IL-10, and chemokines like macrophage migration inhibitory fac- 
tor (MIF) and macrophage-inflammatory protein-1 (3 (MIP-1(3), are secreted by 
inflammatory cells and in many studies appear to promote the growth and metas- 
tasis of tumors [21-25]. Often these cytokines and chemokines are also secreted by 
cancer cells themselves. Their cellular targets as well as their actions are quite 
diverse. These secreted factors can act in both a paracrine and an autocrine fashion 
to induce cancer cell proliferation and inhibit apoptosis, as well as enhance tumor 
cell migration through the surrounding stroma. They can also induce new blood- 
vessel growth (angiogenesis) to further support tumor growth. Lastly, tumor-derived 
cytokines and chemokines can modulate the immune response to inhibit normal sur- 
veillance mechanisms that target neoplastic cells. These factors promote leukocyte 
infiltration, which leads to degradation of stromal elements, thereby enhancing neo- 
plastic cell migration and metastasis [10, 21, 24, 25]. 

Inflammation and inflammatory cells also release eicosanoids, oxygenated lipids 
produced by arachidonic acid metabolism [17, 26, 27]. Eicosanoids include the 
prostanoids (prostaglandins and thromboxane) and leukotrienes. Much like the 
cytokines and chemokines, eicosanoids have been associated with promoting trans- 
formation by enhancing cell proliferation and motility while reducing apoptosis 
[28-31]. Eicosanoids also induce angiogenesis [32] and suppress normal immune 
surveillance mechanisms [33-36]. This further supports tumor growth. Lastly, 



148 




Cyclooxygenase activity in gastrointestinal cancer development and progression 



eicosanoids can also induce cytokine and chemokine synthesis and release, thereby 
further potentiating the inflammatory response [37-39]. Due to these many benefi- 
cial effects on tumor growth and survival, increased eicosanoid biosynthesis, partic- 
ularly of prostaglandins, can frequently be seen in many cancers. 

Given the importance of chronic inflammation in the development and progres- 
sion of many gastrointestinal cancers, reversal of the inflammatory condition has 
been a therapeutic focus for several years. Treatment and resolution of chronic 
hepatitis B or C with interferon therapy, mesalamine therapy for ulcerative colitis, 
clearance of H. pylori colonization, and acid suppression for GERD patients are 
considered to be standards of care. Several of these therapies have been reported in 
clinical trials to reduce the risk for cancer [40-43]. However, not all patients 
respond to these therapies with a resolution of the inflammatory condition. In oth- 
ers, precancerous changes or frank carcinoma have already occurred. Efforts for 
these patients have focused instead on inhibiting the production of the inflammato- 
ry mediators by both normal and neoplastic cells. Inhibitors of prostaglandin 
biosynthesis, which block the activity of the enzyme COX, may prove particularly 
useful in this regard. 



Mechanisms of prostaglandin biosynthesis 

The COX enzyme catalyzes the rate-limiting step in prostaglandin biosynthesis 

The eicosanoids have been under scrutiny for more than 70 years [17, 27, 44]. 
Eicosanoids are known as mediators of the primary symptoms of inflammation 
including pain, swelling, erythema, and warmth. In the 1990s, the techniques of 
molecular biology were employed to define and understand this important biosyn- 
thetic pathway. Many of the important enzymes were cloned, their expression pat- 
terns and regulation explored, and their three-dimensional structures solved [17, 
27]. 

The first step in eicosanoid biosynthesis involves the release of arachidonic acid 
from phospholipid membranes (Fig. 1) [17, 27]. This step is catalyzed by phospho- 
lipase activity, primarily by one of the many forms of phospholipase A 2 (PLA 2 ). In 
general, the PLA 2 forms can be categorized into two groups, secreted and cytosolic. 
The secreted forms (sPLA 2 ) are smaller (14 kDa) and extensively disulfide linked. 
They are expressed and secreted when cells are stimulated by pro-inflammatory 
cytokines like TNFa and interleukin-1 (IL-1). The cytosolic forms (cPLA 2 ) are larg- 
er (85 kDa) and are translocated to phospholipid membranes when activated [27]. 
cPLA 2 primarily localizes to nuclear envelope and endoplasmic reticulum (ER) 
membranes when activated. Mitogens and cytokines can induce both cytosolic and 
secreted PLA 2 gene transcription, and glucocorticoids may actively suppress their 
expression. 
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Figure 1 

Eicosanoid biosynthetic pathway [17, 27]. 

Arachidonic acid is released from nuclear and endoplasmic reticulum phospholipid mem- 
branes by phospholipase activity ; primarily by phospholipase A 2 . Free arachidonic acid is 
shunted toward prostanoid or leukotriene production by the actions of the enzymes COX-1 
or COX-2, or lipoxygenase, respectively. COX activity produces prostaglandin H 2 (PCH 2 ), 
which is then converted to the final prostenoid product by the actions of tissue-specific iso- 
merases. PGH 2 production from arachidonic acid by COX is the rate-limiting step in 
prostanoid biosynthesis. 

cPLA 2 , cytosolic phospholipase A 2 ; sPLA 2 , secreted phospholipase A 2 ; PC, prostaglandin; 
TXA 2 , thromboxane; HETE, hydroxyeicosatetraenoic acid. 



Next, free arachidonic acid is shunted toward prostanoid or leukotriene pro- 
duction by the actions of the enzymes COX or lipoxygenase, respectively (Fig. 1) 
[27]. There are two forms of the COX enzyme, COX-1 and COX-2. Both forms are 
integral membrane proteins located in the nuclear and ER membranes. Therefore, 
cPLA 2 activation and translocation to the nuclear and ER membranes colocalizes 
arachidonic acid production with the COX enzymes, thereby further enhancing 
prostanoid synthesis. Prostaglandin H 2 (PGH 2 ) is then converted to the final 
prostenoid product by the actions of tissue-specific isomerases (Fig. 1). In the cen- 
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tral nervous system this yields PGD 2 . PGE 2 and PGI 2 are synthesized largely in vas- 
cular beds and gastrointestinal epithelium. PGF 2a is produced in smooth muscle, 
and thromboxane (TXA 2 ) in platelets [17]. PGH 2 production from arachidonic acid 
by COX is the rate-limiting step in prostanoid biosynthesis. This is why the COX 
enzymes are frequently targeted therapeutically to reduce or inhibit the inflamma- 
tory response. 

Although COX-1 and COX-2 are structurally and functionally similar, their bio- 
logic roles are distinctive due to different patterns of expression. The COX-1 gene 
is stably and continuously expressed in a number of tissues and has primary roles in 
regulating platelet aggregation, renal blood flow, and gastric mucosa cytoprotection 
[27]. COX-1 mRNA and protein levels are not highly inducible and do not signifi- 
cantly respond to growth factor and cytokine signaling. The COX-2 gene is the 
inducible isoform, responding to inflammatory signals and injury to promote tissue 
repair and regeneration [27]. COX-2 has other physiologic roles in the brain, vas 
deferens, islet cells, and kidneys. Signaling from growth factors and cytokines 
enhances COX-2 gene transcription, which elevates COX-2 mRNA and protein lev- 
els. These same signals can also increase COX-2 mRNA stability, further amplify- 
ing COX-2 mRNA and protein levels. 



Mechanisms of COX-2 induction in inflammation and neoplasia 

COX-2 gene expression is regulated by both transcriptional and post-transcription- 
al mechanisms. Investigators interested in studying these processes isolated the COX- 
2 gene (also known as PGHS-2 synthase) from diverse mammalian species including 
humans, mice, rats, horses, and cows [45-48]. Analysis of the promoter sequences 
revealed a classic-promoter structure, with a canonical TATA-box sequence just 
upstream of the transcription initiation site. Putative binding sites for a great many 
transcription factors were noted, including ubiquitous factors like SP-1 and CCAAT/ 
enhancer-binding protein (C/EBP), immediate-early response factors like activator 
protein-1 (AP-1), activating transcription factor/cAMP-response element (ATF/ 
CRE), and myocyte-specific enhancer factor 2 (MEF2), and the inducible factors 
nuclear factor kB (NF-kB), polyoma enhancer activator-3 (PEA-3), and glucocorti- 
coid receptor [45-48]. Also noted were AU-rich sequences in the 3’ untranslated 
region (UTR) of the COX-2 mRNA, which are similar to elements within the 3’UTR 
of many cytokine and proto-oncogenes [27]. These sequences typically provide an 
additional level to regulate expression by acting as mRNA instability determinants. 

Numerous in vitro and a few in vivo studies have begun to dissect these promot- 
ers to discern the relative importance of these elements in the induction of COX-2 
gene expression [49, 50-62, 64]. The mitogen-activated protein kinase (MAPK) sig- 
naling pathway is commonly activated by growth factors, cytokines, and oncogenes 
[63]. It is therefore not surprising that the MAPKs, including extracellular-signal-reg- 
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ulated kinase (ERK) 1/2, p38 MAPK , c-Jun N-terminal kinase (JNK), and ERK5, are 
likely critical regulators of COX-2 gene expression with inflammation or neoplastic 
transformation. Gastrin, basic fibroblast growth factor (bFGF), and IL-1|3 and IL-17, 
among other factors, have been reported to induce COX-2 expression through acti- 
vation of the MAPK cascade [52, 54, 56, 62]. Oncogenic Ras and H. pylori bacteri- 
al virulence factors also reportedly increase COX-2 expression via ERK1/2 activation 
[57, 64]. H. pylori may also enhance COX-2 expression via NF-kB and AP-1 acti- 
vation [53]. Thus, the MAPK pathway can respond to a diverse set of signals and 
stimuli to induce COX-2 gene expression. 

Other transcription factors and signaling pathways have been reported to regu- 
late COX-2 gene expression, including some that may be disease-specific. Interfer- 
on-y induces COX-2 expression in macrophages via Janus kinase/signal transduc- 
tion and activators of transcription (JAK/STAT), interferon-regulatory factors 1 and 
2 [51]. COX-2 induction by IL-ip and TNFa requires NF-kB activation and nuclear 
translocation [58, 62]. Hypertonic stress can induce COX-2 expression in medullary 
epithelial cells of the kidney, and this effect is dependent upon epidermal growth fac- 
tor (EGF) receptor activation [55]. Steroid-hormone nuclear receptors peroxisome 
proliferator-activated receptor 5 (PPAR5) and PPARy appear to have opposing 
effects on COX-2 transcription, with PPAR5 activating and PPARg inhibiting 
expression [59, 60]. The hepatitis B virus X-protein has been reported to increase 
COX-2 promoter activity in an nuclear factor of activated T cells (NF-AT)-depen- 
dent manner [65]. Lastly, COX-2 expression in colon cancer cells is dependent upon 
Wnt/p-catenin/T cell factor transcriptional activity [59]. 

COX-2 mRNA instability is an important constituent of COX-2 regulation in 
most cells [66-70]. The AU-rich sequences in the 3’UTR confers mRNA instability 
under basal conditions or in the presence of glucocorticoids [67, 68, 70], while IL- 
1 treatment or oncogenic Ras expression promote mRNA stability [50, 64]. In addi- 
tion to enhancing COX-2 gene transcription, p38 MAPK or p42/44 MAPK MAPK acti- 
vation also induces COX-2 mRNA stability, and this effect can be blocked by phos- 
phoinositide 3-kinase (PI3K) activity [64, 66, 69]. The RNA-binding protein HuR 
binds the AU-rich sequences and is required for COX-2 mRNA stabilization [66] in 
one cell line; however, its role in MAPK-mediated mRNA stabilization across broad 
cell and tissue types is at present unknown. 



COX-2 in gastrointestinal cancer 

COX-2 expression in preneoplastic and neoplastic conditions of the 
gastrointestinal tract 

The epithelium of the gastrointestinal tract is exposed to a noxious environment. 
Some of this exposure is by individual choice (i.e. tobacco, alcohol), and some is the 
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nature of the digestive process where enzymes and chemicals (i.e. HC1, bile acids) 
are secreted to reduce ingested materials into absorbable components. These same 
reagents would digest gastrointestinal epithelia equally well if there were not pro- 
tective measures in place. Investigators have examined COX expression in gastroin- 
testinal tissues. Based on these studies, constitutive COX-1 expression by gastroin- 
testinal epithelia appears to provide a cytoprotective role by inducing defensive 
mechanisms and reducing epithelial cell apoptosis [71-74]. COX-2 is generally 
undetectable in these normal tissues; however, COX-2 mRNA and protein levels are 
greatly increased with disease states like inflammation and neoplasia [71-76]. Per- 
haps most significantly clinically, elevations of COX-2 mRNA and protein have 
been detected in pre-neoplastic conditions as well as the earliest stages of many dif- 
ferent cancers. 



Esophageal squamous cell and adenocarcinoma 

Esophageal squamous cell carcinoma (ESCC) is the more common of the two 
esophageal malignancies worldwide [8, 26]. In the USA, ESCC occurs more fre- 
quently in African-American males than any other subgroup, and heavy tobacco 
and alcohol consumption are recognized risk factors. Multiple studies have con- 
cluded COX-2 levels were elevated considerably in ESCC [77-79]. The frequen- 
cy of elevated COX-2 expression in ESCC was about 90% across several studies. 
Squamous epithelial dysplasia of the esophagus is a precancerous lesion that pre- 
disposes to ESCC development. Increased levels of COX-2 protein and mRNA 
have been detected in these early precancerous lesions [78-80]. In one recent 
study, moderate elevations of COX-2 protein were detected in 35 of 47 (74%) 
esophageal squamous dysplasias [79]. COX-2 staining intensity and frequency 
increased further in the ESCC examined. Some 86% (74 of 86) were positive for 
COX-2. RNA and protein were isolated from a subset of these lesions, and 
reverse transcriptase-PCR and immunoblotting studies confirmed the immuno- 
histochemical findings. Elevations in COX-2 expression correlated with increased 
proliferating-cell nuclear antigen (PCNA) staining, a marker for increased prolif- 
eration [78, 79]. Similar rates of COX-2 elevations have been reported in studies 
of head and neck squamous cell cancers (HNSCCs) and precancerous dysplasia. 
Given the epidemiologic and biologic similarities between ESCC and HNSCC, 
these findings further emphasize the critical role of enhanced COX-2 expression 
in the development and progression of squamous cell cancers of the gastroin- 
testinal tract. 

Esophageal adenocarcinoma (EAC), although less common than ESCC, has been 
the fastest rising malignancy among white males in the USA over the last three 
decades, and in this subgroup EAC is more prevalent than ESCC [8, 26]. Several fac- 
tors and conditions are known to increase the risk for the development of EAC, 
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including obesity, smoking, diet, chronic gastro-esophageal reflux disease (GERD), 
and perhaps most significantly Barrett’s esophagus (BE). BE occurs at the gastro- 
esophageal junction and is the replacement of normal squamous esophageal mucosa 
with an intestinalized columnar epithelium. Chronic GERD is the single greatest risk 
factor for the development of BE; approximately 10% of these patients will acquire 
intestinal metaplasia at the gastro-esophageal junction. BE is considered to be a pre- 
malignant lesion, even in the absence of dysplasia, as the risk for EAC is increased 
considerably over the general population. Induction of COX-2 expression is a com- 
mon and early event in the sequence of BE metaplasia to dysplasia to EAC [75, 77, 
81-83]. Several studies have reported increased COX-2 mRNA and protein expres- 
sion in 40-80% of BE cases [75, 81-83]. In EAC, these frequencies increased to 
between 80 and 100% [77, 81-83]. Elevated COX-2 expression in EAC was asso- 
ciated with increased rates of local and distant metastasis, as well as reduced 5-year 
survival [84]. Two studies reported finding increasing COX-2 expression in the pro- 
gression from BE to low-grade dysplasia to high-grade dysplasia to EAC [82, 83]. 
Furthermore, gastric and bile acids further enhanced COX-2 levels in both normal 
squamous as well as Barrett’s mucosa, but the response was greater in the BE tissues 
[82, 85]. For all of these reasons, increased COX-2 expression is an important fea- 
ture in the development and progression of esophageal adenocarcinoma. 



Gastric cancer 

Gastric cancer is a common malignancy worldwide, and a leading cause of cancer 
mortality in several countries in Eastern Asia [6, 26]. The incidence of gastric can- 
cer is declining in the United States, although each year there are an estimated 
22 000 new cases diagnosed. The only curative approach is surgical resection; 
unfortunately the majority of new diagnoses are made at advanced stages of the 
disease that often preclude curative therapy. Gastric cancers arise from a complex 
interplay of factors like diet, genetic predisposition, and environmental exposures, 
including H. pylori infection. In fact, the strong epidemiologic association of H. 
pylori infection with gastric adenocarcinoma prompted the World Health Organi- 
zation to classify H. pylori as a carcinogen [6]. The chronic gastritis associated 
with persistent H. pylori infection begins with chronic inflammation and often 
later progresses to glandular atrophy and intestinal metaplasia [6]. This inflam- 
matory environment, as well as H. pylori virulence factors, induce genetic muta- 
tions and stimulate the release of growth factors that together serve to enhance 
gastric carcinogenesis. In support of this hypothesis, H. pylori infection has been 
associated with greater proliferative rates in non-cancer tissues and alterations in 
apoptotic rates [86]. COX-2 expression is likely to have an important role in this 
process [26, 87]. Chronic H. pylori gastritis was associated with elevated COX-2 
levels when compared with uninfected or H. pylori-e radicated controls [88, 89]. 
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This expression was further increased in gastric tissues with intestinal metaplasia 
[89, 90]. In studies of gastric neoplasia, COX-2 mRNA and protein levels are sig- 
nificantly increased in 60-80% of gastric adenocarcinomas when compared with 
paired normal mucosa [91-94]. However, this induction was observed only in the 
intestinal-type gastric cancer, not the diffuse type [90, 94, 95]. Overexpression of 
COX-2 by gastric carcinomas was associated with tissue invasion and metastasis 
[96-98]. Finally, COX-2 levels were increased in 20-40% of gastric adenomas or 
gastric dysplasias [94, 98], suggesting that COX-2 expression increases in the pro- 
gression from metaplasia to dysplasia to carcinoma in the stomach. In summary, 
COX-2 expression is likely an important promoter of intestinal-type gastric car- 
cinogenesis, particularly carcinogenesis that is associated with H . pylori chronic 
infection. 



Pancreatic neoplasias 

Pancreatic ductal carcinoma (PDC) remains one of the more lethal malignancies 
despite intensive surgical and oncologic therapy and research. There are approxi- 
mately 25 000 new cases of PDC diagnosed in the USA each year, with only 3-5% 
of these patients surviving 5 years [11, 99, 100]. In the last decade, significant 
advances have been made in understanding the preneoplastic and genetic lesions 
that promote the acquisition and progression of this deadly disease. Chronic pan- 
creatitis, from all of its causes (tropical, cystic fibrosis, hereditary, and alcoholic) is 
now recognized as a significant risk factor for the development of PDC [10, 11]. The 
inflammation from the pancreatitis is associated with inducing gene mutations that 
promote PDC, especially mutations in K -ras. The inflammation as well as the acti- 
vating K -ras mutations may serve to induce COX-2 expression. COX-2 expression 
was elevated in 80-90% of patients with chronic pancreatitis, and this appeared to 
correlate with the frequency of attacks [101]. COX-2 mRNA and protein levels 
were reportedly increased in 60-90% of PDCs examined across multiple studies, 
with a single study reporting a frequency as low as 40% [99, 100, 102-104]. Many 
pancreatic adenocarcinoma cell lines likewise express COX-2 at elevated levels. In 
many of these studies COX-2 elevations correlated with increased proliferative 
rates, as determined by Ki-67 or PCNA staining. COX-2 levels in the preneoplastic 
lesions for PDC (pancreatic intraepithelial neoplasia) increased from normal pan- 
creatic ducts to pancreatic intraepithelial neoplasia to adenocarcinoma [105]. Stud- 
ies with the less-aggressive intraductal papillary-mucinous tumors (IPMT) also sug- 
gested COX-2 expression is increased in the progression from IPMT hyperplasia 
(10%) to adenoma and carcinoma (60-70%) [103, 106]. Finally, COX-2 levels in 
pancreatic neuroendocrine tumors correlated strongly with a more aggressive and 
faster-growing phenotype. COX-2 is continuously expressed in pancreatic islet cells; 
however, those endocrine neoplasms with high levels of COX-2 expression were 
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more frequently metastatic, grew to larger sizes, and had higher rates of mitotic 
activity and angiogenic invasion [107]. In summary, COX-2 expression was fre- 
quently elevated in the majority of pancreatic neoplasms and was associated with a 
more aggressive and proliferative cancer. 



Hepatocellular carcinoma (HCC) 

HCC is the most common form of primary liver tumor, the incidence of which has 
been increasing in the USA over the past 30 years [108]. This increasing incidence 
is thought to be largely due to the rising prevalence of hepatitis C infection during 
the same time period. Hepatic cirrhosis from any cause is considered to be a pre- 
disposing condition for the development of HCC, although virus-induced cirrhosis 
may be a more potent etiology. The prognosis for patients with HCC remains poor, 
with 5-year survival rates only 5% [108], in part because HCC often occurs in the 
setting of cirrhosis, limiting surgical options. COX expression is barely detectable in 
histologically normal liver. However, prostaglandins and the cyclooxygenase 
enzymes are essential for the normal proliferative response to partial hepatectomy, 
and during liver regeneration [30]. It is not surprising then that hepatic COX-2 
mRNA and protein levels are increased in the setting of chronic hepatitis or cirrho- 
sis [7, 9, 109-112]. More importantly, the frequency of COX-2 expression increas- 
es from 30% in chronic hepatitis to 80% in cirrhosis to nearly 90% in the presence 
of dysplasia [110]. In well-differentiated HCC, the frequency of COX-2 expression 
is reported to approach 100% [7, 9, 109-112]. Surprisingly, COX-2 expression is 
increased in less than 20% of poorly differentiated HCCs [7, 9, 109], suggesting 
COX-2 overexpression may not be necessary in the late stages of HCC progression 
[9]. Thus, COX-2 overexpression appears to be a critical factor in the development 
of dysplasia and HCC in the setting of chronic hepatitis and cirrhosis, but this 
requirement is lost when the cancer progresses to an advanced, poorly differentiat- 
ed stage. 



Colon cancer and colitis-associated cancer 

The association of COX-2 expression with sporadic and familial forms of colon 
cancer has been well studied and is reviewed elsewhere in this volume (chapter by 
Maurer and Kessler). To summarize these findings very briefly, COX-2 protein and 
mRNA were noted to be elevated in a high percentage of colon adenomas and car- 
cinomas examined. Several mechanisms have been proposed to explain this 
enhanced expression, including adenomatous polyposis coli (APC) mutations lead- 
ing to dysregulated p-catenin/T cell factor [61], oncogenic Ras [57, 64], and stimu- 
lation by growth-factors and cytokines including gastrin [52, 54, 56]. COX-2 activ- 
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ity is absolutely necessary for adenoma formation in a murine model of familial ade- 
nomatosis polyposis [113]. Clinical studies support the hypothesis that COX-2 is an 
important agent in the progression of colon carcinogenesis. In prospective random- 
ized clinical trials, the non-steroidal anti-inflammatory drug (NSAID) sulindac and 
the COX-2-specific inhibitor celecoxib significantly regressed polyp formation in 
patients with familial adenomatosis polyposis [12-15]. COX-2 expression likely 
plays a significant role in another form of colon carcinogenesis, colitis associated 
carcinogenesis. Expression of COX-2 is markedly increased in the intestinal epithe- 
lium of Crohn’s and ulcerative colitis patients with active colitis [43, 76, 114]. In 
addition, overexpression of COX-2 mRNA and protein in ulcerative colitis-associ- 
ated neoplasia has been reported [115]. Moreover, multiple studies have shown that 
the aspirin-derivative compound mesalamine may have anti-cancer effects for ulcer- 
ative colitis patients [42, 43]. Thus, COX-2 expression and activity appear to be 
centrally important for the development and progression of the principle forms of 
colon cancer including familial, sporadic, and colitis-associated cancer. 



Inhibition of COX-2 activity and its effects on gastrointestinal cancer 

While there is considerable circumstantial evidence linking COX-2 overexpression 
with carcinogenesis in gastrointestinal tissues, the clinical and mechanistic studies 
remain incomplete. Here we will review briefly some of the clinical/epidemiologic, 
animal-model, and in vitro studies that investigate COX-2 ’s role in non-colonic gas- 
trointestinal tumorigenesis. 



Clinical/ epidemiologic studies 

Except for two studies in the colon [12, 13], there have been no randomized, 
placebo-controlled trials of COX-2-specific inhibitors and the prevention of non- 
colonic gastrointestinal malignancies. Population-based case-controlled studies 
have, however, suggested there may be a link. Several studies from the USA and 
Europe have seemed to confirm that frequent users of aspirin or non-specific 
NSAIDS have reduced rates of esophageal and gastric cancer [116-120]. More- 
over, results from two studies suggested that treatment with COX-2 inhibitors 
reduced proliferation in BE epithelial cells, further bolstering the epidemiologic 
studies [121, 122]. The data for pancreatic cancer are less certain, with some stud- 
ies suggesting a benefit with aspirin and NSAID use [116-118], one study sug- 
gesting no effect [123], and one study suggesting instead an increased risk of can- 
cer [120]. A recent meta-analysis concluded that regular aspirin or NSAID use 
may be chemoprotective for gastric and esophageal cancers [116]. Additional case- 
controlled studies of aspirin and NSAID use in patients with pancreatic cancer and 
HCC would be helpful. 
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Animal models of non-colonic carcinogenesis 

A limited number of studies have been reported regarding the effectiveness of 
COX-2 inhibitors in reducing the incidence of cancer in animal models for 
esophageal, gastric, and pancreatic cancer. Two reports using a rat model for BE 
and esophageal adenocarcinoma found that treatment with COX inhibitors sig- 
nificantly reduced reflux-associated inflammation and the relative risk of develop- 
ing esophageal adenocarcinoma [124, 125]. Surprisingly, the treatment did not 
reduce the incidence of BE in these animals. In another study, the NSAID piroxi- 
cam (more selective for COX-1) was ineffective at inhibiting N-nitrosomethylben- 
zylamine (NMBA)-induced esophageal adenocarcinoma [126]. The COX-2-spe- 
cific inhibitor nimesulide effectively decreased the incidence of gastric cancer in a 
murine model for H . pylori - associated gastric carcinogenesis [127]. COX-2-spe- 
cific and non-specific inhibitors reduced the incidence of pancreatic adenocarci- 
noma, as well as hepatic metastases, in several hamster models of pancreatic can- 
cer [128-130]. Lastly, in a recent study using a rat model for hepatic fibrosis and 
carcinogenesis, a COX-2-specific inhibitor significantly inhibited fibrosis in a 
dose-dependent manner, as well as completely blocking the progression to cirrho- 
sis and HCC [131]. Though limited in number, these studies of COX-2 inhibition 
in animal models of carcinogenesis are encouraging. 



In vitro studies 

There is a wealth of in vitro data concerning the effects of COX-2-specific inhibitors 
on the proliferation and viability of esophageal squamous [132] and adenocarcino- 
ma cells [133], as well as gastric [134], pancreatic [135-137] and hepatocellular car- 
cinoma [109]. These studies nearly uniformly demonstrate the effectiveness of 
COX-2 inhibitors at reducing proliferation and inducing apoptosis in vitro. Several 
of these studies examined the consequences of COX-2 inhibition on the growth of 
human cancer xenografts in nude mice. Once again, treatment with COX-2 
inhibitors suppressed the growth of these xenografts [132, 134, 136], bolstering 
these in vitro findings with in vivo correlates. One important aspect of this in vitro 
work has been the study of the mechanisms by which the COX-2 inhibitors achieve 
their potent anti-cancer effects. 



Mechanisms by which COX-2 inhibitors suppress gastrointestinal cancer 
development and progression 

Numerous in vitro and in vivo studies have suggested increased COX-2 activity pro- 
motes carcinogenesis, and a number of mechanisms have been proposed (Fig. 2). In 
one study, overexpression of COX-2 was sufficient to induce metastatic mammary 
carcinogenesis [138], marking COX-2 as a potent oncogene. While the production 
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Figure 2 

COX-2 activity promotes gastrointestinal cancer development and progression. 

Chronic COX-2 enzymatic activity can induce and promote carcinogenesis due to the effects 
of prostenoid biosynthesis. Eicosanoid biosynthesis produces genotoxic byproducts like 
organic free radicals and reactive oxygen species that are highly mutagenic. This would 
induce genetic instability and could lead to cancer formation. The prostenoids that COX-2 
activity helps to synthesize mediate many of the effects of COX-2 overexpression. Prosta- 
glandins have been associated with promoting transformation by enhancing cell prolifera- 
tion and motility while reducing apoptosis. They also support angiogenesis and suppress the 
normal immune surveillance mechanisms. This further supports tumor growth. Lastly, prosta- 
noids can also induce cytokine and chemokine synthesis and release. These factors can have 
similar effects on proliferation, apoptosis, motility, angiogenesis, and immune suppression 
and therefore can synergize with the prostaglandins to enhance tumor progression. 



of prostenoids is believed to be one of the main mechanisms by which COX-2 activ- 
ity enhances tumorigenesis, COX-2 activity may in itself be carcinogenic [20]. 
Genotoxic byproducts of eicosanoid biosynthesis, like organic free-radicals and 
reactive oxygen species, are mutagenic and may induce the genetic instability that is 
a cardinal feature of cancer [20]. Therefore, COX-2 overexpression as the result of 
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chronic inflammation may both induce and support neoplastic transformation and 
tumorigenesis. 

The prostenoids that COX-2 activity helps to synthesize mediate many of the 
effects of COX-2 overexpression. Perhaps their most significant effect is the regula- 
tion of cellular proliferation and apoptosis. Prostenoids have long been known for 
their trophic effects on gastrointestinal epithelium [28, 29]. Recently it has been 
demonstrated that they are also required for proliferation during liver regeneration 
[30]. Cancer cells frequently retain this proliferative response to prostaglandins, 
which is perhaps why COX-2 is frequently over expressed in many cancers. This 
dependence upon prostaglandins may prove to be a weakness, however, as treat- 
ment of these cancers with COX-2 inhibitors reduces proliferation and limits tumor 
growth in vitro and in vivo [109, 131-135]. The mechanism for this effect is 
unknown. Several reports have suggested COX-2 inhibitors induce a G 1 cell-cycle 
arrest by enhancing the expression of the G 1 cyclin-dependent kinase inhibitors 
p21 waf i and p27 [136, 139, 140]. This arrest may be mediated by enhanced 
nuclear localization of p53, a potent p21wafl transcriptional activator. Prostenoids 
are able to sequester the tumor suppressor p53 in the cytoplasm, effectively inacti- 
vating it. COX-2 inhibitors reverse this effect, allowing p53 to translocate to the 
nucleus and alter gene expression [141]. Alternatively, PPARS and PPARy members 
of the nuclear hormone superfamily have been implicated in COX-dependent and 
-independent regulation of proliferation [49, 142-144]. Much work needs to be 
done to improve our understanding of this critical mechanism. 

Another important feature of prostaglandins is that they protect cells from nor- 
mal apoptotic mechanisms. While this is a beneficial effect when utilized by normal 
cells [145, 146], it is disastrous when it protects neoplastic cells from normal apop- 
totic cell death. As with proliferation, COX-2 inhibition provoked an apoptotic 
response in a broad range of cancers in vitro and in vivo [133-135], and this effect 
was dose-dependent. COX-2 inhibitors appeared to promote apoptosis through dif- 
fering mechanisms, including up regulation of the pro-apoptotic protein Bax [80] or 
reducing the expression of anti-apoptotic proteins Bcl-2 [147], Bcl-X L [148], or 
Mcl-1 [149]. Although a definitive mechanism has not been determined, the well- 
established pro-apoptotic features of COX-2 inhibitors make them attractive agents 
for cancer chemoprevention and therapy. 

The growth of a tumor beyond a few millimeters in size depends upon the abil- 
ity of the cancer cells to recruit a supportive vascular structure by normal endothe- 
lial cells. This process is known as angiogenesis [32]. Cardinal features of angio- 
genesis include the elaboration of vascular growth factors, migration of endothelial 
cells through the stromal matrix, and lastly the formation of tubular networks by 
the endothelial cells [32]. The prostaglandins synthesized by increased COX-2 activ- 
ity enhance neovascularization by directly stimulating endothelial cell migration, as 
well as promoting the release of additional proangiogenic factors like bFGF, trans- 
forming growth-factor (3, and vascular endothelial growth factor [32, 137, 
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150-152]. This is supported by in vitro studies in which endothelial cells are cocul- 
tured with cancer cells [32, 137, 151-153]. Furthermore, in vivo studies examining 
the effects of COX-2 inhibitors on human cancer xenografts reported that signifi- 
cant reductions in tumor growth were strongly associated with diminished 
microvascular density in the growing cancer [154, 155]. The prominent anti-angio- 
genic properties of the COX-2 inhibitors are an important reason why these agents 
are being tested as both a chemopreventative and a sensitizing agent in the treatment 
of established cancers. 

Prostenoids likely mediate other significant effects of COX-2 on cancer progres- 
sion. PGE 2 stimulates cytokine and growth factor production [37-39]. These factors 
can induce cancer cell proliferation, promote angiogenesis and cancer cell metas- 
tases, and suppress normal anti-tumor immune surveillance mechanisms, among 
other effects. Moreover, PGE 2 itself is a potent immune modulator [33-36]. Direct 
effects of PGE 2 include the inhibition of lymphocyte-activated killer (LAK) cell pro- 
liferation and the enhancement of IL-10 expression, both of which protect the 
tumor from destruction by the immune system [34-36]. Finally, prostenoids pro- 
mote motility and tissue invasion by a variety of normal cell types including den- 
dritic and vascular endothelial cells [31]. Unfortunately, they have similar effects on 
cancer cells [156, 157], which can lead to cancer metastasis. COX-2 activity and 
PGE2 production enhance cancer cell production of matrix metalloproteases [157]. 
This enables the cancer to break down stromal elements and basement membranes 
to permit tissue invasion. Cellular motility is similarly increased [31, 156, 157]. 
Together these characteristics permit cancer cells to freely migrate and metastasize. 

Lastly, there is a growing consensus that COX-2 inhibitors and NSAIDs like 
sulindac may provide anti-cancer effects that are independent of the COX-2 enzyme 
[9, 158]. This is based on observations of the effects of COX inhibitors in cells with- 
out cyclooxygenase enzymes [159-161]. In addition, some NS AID derivatives with- 
out appreciable COX inhibitory activity still retain anti-cancer effects in vitro and 
in vivo [162-164]. Several mechanisms for this COX-independent effect have been 
proposed, including alterations of the NF-kB [165], Akt/proteinkinase B [166], and 
proteinkinase C-(31 [167] signaling pathways. PPAR6 and PPARy have been identi- 
fied by several groups as potential mediators of this COX-independent anti-cancer 
effect [49, 142-144]. While it remains to be seen if these COX-independent effects 
are clinically relevant [158], they suggest the possibility that alternative therapeutic 
targets might exist. 



The use of COX-2 inhibitors as an adjuvant or sensitizing agent for cancer 
chemotherapy and radiation therapy 

The COX-2 enzyme provides cancer cells with survival advantages over non-trans- 
formed cells, including the enhancement of angiogenesis, proliferation, and metas- 
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tasis and the suppression of apoptosis and anti-tumor immune surveillance. Given 
these broad effects, investigators have been interested in employing COX-2 
inhibitors in therapies targeting established cancers [16-18]. Preliminary in vitro 
and in vivo studies have been encouraging and suggested there may be synergy 
between the anticancer effects of chemotherapeutic agents and COX-2 inhibitors 
[168-170]. Moreover, early clinical trials have suggested COX-2 inhibitors may 
increase response rates of patients treated with chemotherapy [171] or chemora- 
diotherapy [18, 172] compared with historical controls. However, the combined 
therapy has been reported to increase patient toxicity [172, 173], and in one study 
was ineffective [173]. The utility of combining chemo- and radiotherapies with 
COX-2 inhibitors is at present an area of great hope. It will undoubtedly be a focus 
for clinical researchers in the coming years as clinicians struggle to determine the 
optimum dosing and timing for these inhibitors in their well-studied therapeutic 
regimens. 



Considerations regarding the use of COX-2 inhibitors as chemopreventatives 

The development and use of phyto- and chemopreventatives to prevent the devel- 
opment of cancer is certainly an area of great promise and excitement [174], It is 
hoped that in the future it will be possible to considerably reduce an individual’s risk 
for developing cancer simply by the daily use of well-tolerated dietary supplements 
(i.e. vitamin E, folate, Ca 2+ ) or medications (i.e. aspirin) [174]. Rather than treating 
cancers as they arise with invasive procedures and toxic medications, we will inter- 
vene in the neoplastic process to prevent its completion. However, there are serious 
considerations regarding the implementation of this preventative therapy. 

First, these agents must be safe and well tolerated [17]. Very little toxicity will be 
acceptable if treating otherwise healthy patients with low risk for developing can- 
cer, particularly if it requires daily treatment for many years. Second, the agents 
must have proven efficacy by prospective, placebo-controlled studies. Lastly, the 
therapy must be cost-effective. Given the potentially large numbers of people to be 
treated, the agent will need to be inexpensive. In view of these constraints, what are 
the prospects for COX inhibitors as chemopreventatives? 

As we have seen, COX-2 activity appears to be critical for the development and 
progression of a number of gastrointestinal cancers. Moreover, COX-2 expression 
is increased in preneoplastic conditions as well as early cancers, suggesting COX-2 
inhibition may prevent carcinogenic progression at several stages. Non-specific 
COX inhibitors like aspirin and NSAIDs have the advantage of being inexpensive; 
however, their chronic use is associated with significant side effects including gas- 
trointestinal ulceration and bleeding, as well as renal dysfunction [17, 71]. These 
side effects are thought to be due to inhibition of COX-1 and loss of its cytopro- 
tective activity. COX-2-specific inhibitors (“coxibs”) are relatively new agents that 
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inhibit the COX-2 enzyme and have little effect on COX-1. They therefore have vir- 
tually none of the toxic effects associated with the NSAIDs [71]. At present they are 
costly, but in time this will change. There are two prospective, randomized placebo- 
controlled studies demonstrating efficacy of celecoxib in reducing the number of 
polyps formed in familial adenomatosis polyopsis patients [12, 13]. There are a far 
greater number of in vitro and animal studies that strongly support a role for cox- 
ibs as a potent chemopreventative. For this reason, a number of clinical trials involv- 
ing coxibs in the prevention or treatment of gastrointestinal neoplasia have been ini- 
tiated or planned [7, 9, 17, 18, 26, 175]. 



Summary and perspectives 

Gastrointestinal malignancies frequently arise in the setting of chronic inflamma- 
tion. Research from many groups worldwide has shown us that COX-2 levels and 
activity are frequently elevated in chronic inflammation. Moreover, in the progres- 
sion to cancer, these levels climb higher still. The COX-2 enzyme is an oncogene. 
Overexpression of this enzyme’s activity, either by chronic inflammation or during 
neoplastic transformation, yields a broad array of effects which can initiate neo- 
plastic transformation, as well as support tumor progression. It is because of the 
breadth of its effects that COX-2 is an interesting target for chemopreventative and 
chemotherapeutic strategies. With the advent of effective, well-tolerated inhibitors 
(coxibs), clinical interest in this enzyme as a therapeutic target has blossomed. 
Although incomplete, our new understanding of the role of COX-2 in gastrointesti- 
nal carcinogenesis has already significantly impacted on patient care, and will con- 
tinue to do so for the foreseeable future. Increasingly rapid research developments 
and technological advances will transform the way we prevent, diagnose, and treat 
these common and deadly forms of cancer. 
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Introduction 

Colorectal cancer is one of the leading causes of cancer-related deaths in the west- 
ern world [1, 2]. In the United States, colorectal cancer is the second most common 
form of malignant tumor [3]. Therefore, prevention of this disease has been more 
and more focused recently [4]. The use of colorectal cancer-screening programs has 
resulted in a decrease in the incidence and the mortality rates of colorectal cancer 
[5,6]. However, the acceptance of screening tests is low [7-9]. Thus, current screen- 
ing and treatment strategies for colorectal cancer are not sufficiently effective [10]. 
Recently, some studies reported that cyclooxygenase (COX) inhibitors are able to 
reduce the incidence of colorectal adenoma and colorectal cancer and that the mor- 
tality rate from colorectal cancer may be improved by up to 65% [11-14]. Further- 
more, the inhibition of COX-2 activity in patients with familial adenomatous poly- 
posis (FAP) syndrome seems to be related to a reduced formation of colorectal 
polyps [15]. The following chapter discusses the mechanism of action and the role 
of COX-2 inhibitors in prevention of colorectal cancer, based on a broad literature 
search. 



Natural source and function of COXs 

Arachidonic acid metabolites circulate through the organism and show a wide spec- 
trum of pharmacological effects, such as physiological stimuli that modulate and 
maintain homeostasis [16]. These metabolites are also produced during acute and 
chronic inflammatory processes, and it is generally accepted that they mediate many 
of the symptoms of inflammation such as edema and pain [17]. Multiple enzymat- 
ic steps are involved in the biosynthesis of prostanoids. The first step is the release 
of arachidonic acid from membrane phospholipids by phospholipases, including 
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phospholipase A 2 [18]. Arachidonic acid is then converted to prostaglandin H 2 by 
prostaglandin H synthase which exhibits two distinct catalytic activities, COX and 
peroxidase [19]. Two COX isoforms were identified: the primarily expressed COX- 
1 and the inducible COX-2 [20]. Different biological functions are mediated by 
these two isoenzymes. COX-1 is constitutively expressed at a stable level in many 
tissues, e.g. platelets, gastrointestinal mucosa, and others, and produces prostanoic 
acids that predominantly regulate normal cellular processes such as regeneration of 
the gastrointestinal mucosa [21]. In contrast, the COX-2 gene is an immediate-early 
response gene and follows rapidly in response to mitogenic stimuli, tumor promot- 
ers, cytokines and growth factors [22]. Since non-steroidal anti-inflammatory drugs 
(NSAIDs) inhibit both COX-1 and COX-2, these drugs have the risk of severe side 
effects, exemplified by gastrointestinal ulcer formation and bleeding [23-26]. As a 
result of research that characterized the role of COX-2 in prostaglandin and 
prostanoic acid production [27], a class of anti-inflammatory and analgesic agents 
has been developed that primarily inhibit COX-2 while sparing COX-1 at thera- 
peutic dosages [28, 29]. 



Carcinogenesis of colorectal cancer 

More than 95% of human colorectal carcinomas develop from normal mucosa via 
adenomatous polyps to carcinomas, hence following the adenoma-carcinoma 
sequence. This statement is underlined by the fact that the epidemiology of adeno- 
mas is closely similar to the epidemiology of colorectal cancer itself [30, 31]. It is 
estimated that the progression from polyp to cancer occurs over 5-10 years [32]. 
Therefore, prevention of colorectal adenoma formation and removal of colorectal 
adenomas once detected are thought to result in a highly effective prevention from 
colorectal carcinoma [2]. 

About 90% of colorectal cancers occur sporadically and about 10% of colorec- 
tal cancers are hereditary, i.e. the FAP syndrome and the hereditary non-polyposis 
colorectal cancer syndrome, two dominantly inherited conditions with 100 and 
80% life-time risks of developing colorectal cancer, respectively [33]. Patients with 
FAP have an inherited germ-line adenomatous polyposis coli (APC) mutation. The 
locus could be identified from chromosome 5q21 [34]. If FAP is left untreated, col- 
orectal cancer is the unavoidable consequence [35], The risk of cancer is generally 
related to the number of polyps and to the age of the patient [36]. This small col- 
lective of patients usually is in a routine screening program. For that reason, the ade- 
nomatous polyp formation serves as a practicable target in chemoprevention stud- 
ies [32]. Indeed, the first clinical observations of a regression of pre-existing adeno- 
mas following continuous use of NSAIDs could be found in patients with FAP [37]. 
Meanwhile, there is accumulating evidence that NSAIDs can reduce the number and 
size of polyps in patients with FAP [38]. 
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Table 1 - Evidence suggesting a crucial role of COX-2 expression in colorectal cancer 



Colorectal tumors Normal 

intestinal mucosa 



Prostaglandin levels in intestinal cells [39] 


tt 


o 


Proliferation rate due to prostaglandins [40] 


it 


t 


Evidence of COX- 1 [41] 


t 


t 


Evidence of COX-2 [41] 


ttt 


t 


Effects of NSAIDs in cell growth [32,42] 

Risk for colorectal cancer by regular use of NSAIDs [43] 


444 


4 

1 4 4 (40-50%) 



Preventive effectiveness of COX-2 inhibitors in colorectal cancer 

Several lines of evidence suggest a crucial role of COX-2 expression in colorectal 
cancer (see Tab. 1) and propose specific COX-2 inhibitors as a chemopreventative 
tool. 



Experimental data and animal studies 

The role of COX-2 in colorectal tumorigenesis in mice was studied by Oshima et al. 
[44] to determine the effects of COX-2- gene-knockouts and a new COX-2 inhibitor. 
In the study, the heterozygous Apcdelta71 6-knockout mice, a mouse model of 
human FAP, were either crossed with COX-2-gene-knockout mice, or fed chow con- 
taining a COX-2-selective inhibitor. Apcdelta716 litter mates were used as positive 
controls, which developed 652 ± 198 (mean ± SD) polyps at 10 weeks. Both intro- 
duction of the COX-2 gene mutation and feeding with the COX-2-selective 
inhibitor dramatically reduced the number and the size of intestinal polyps in 
Apcdelta71 6-knockout mice. These results provide direct genetic evidence that 
COX-2 plays a key role in tumorigenesis, and indicate that COX-2-selective 
inhibitors may be a new class of therapeutic agents for colorectal polyposis and can- 
cer in mice. 

Sheng et al. [45] selected two transformed human colon cancer cell lines for stud- 
ies on the role of COX-2 in intestinal tumorigenesis. They evaluated HCA-7 cells 
which constitutively express high levels of COX-2 protein and HCT-116 cells which 
lack COX-2 protein. When nude mice implanted with HCA-7 cells were treated 
with a selective COX-2 inhibitor (SC-58125), tumor formation was reduced by 
85-90%. SC-58125 also inhibited colony formation of cultured HCA-7 cells. Con- 
versely, SC-58125 had no effect on HCT-116 implants in nude mice or colony for- 
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mation in culture. These data provide evidence that there may be a direct link 
between selective inhibition of the COX-2 pathway and intestinal cancer growth. 

In a further experiment, the highly selective COX-2 inhibitor SC-58635 admin- 
istered to carcinogen-treated rats caused a 40% reduction in colonic aberrant crypt 
foci formation [46]. 

Several NSAIDs including indomethacin, piroxicam, ibuprofen, aspirin, and 
sulindac were tested in laboratory animals [47-52]. These studies showed that treat- 
ment with NSAIDs results in an impressive reduction in the size and number of 
intestinal tumors. These observations led to a series of human studies examining the 
relationship between NSAID use and colorectal neoplasia, as described below. 

All of the NSAIDs examined reduced the proliferation and transformed the mor- 
phology of the cells in a time- and concentration-dependent manner. Cellular path- 
ways leading to cell death might contribute to the anti-neoplastic effects of these 
compounds. Thus, NSAIDs might trigger cell death by apoptosis, a process that is 
involved in many biological events, such as tumorigenesis [42]. Nonetheless, 
NSAIDs can inhibit colon cancer cell growth by inhibiting cell cycle progression and 
inducing apoptotic cell death in a COX-independent fashion. For instance, struc- 
turally different NSAIDs have been demonstrated to reduce the levels of cell-cycle- 
regulatory proteins [42]. Furthermore, Santini et al. [53] explained that the highly 
selective COX-2 inhibitor L-745,337 and sodium salicylate, a weak inhibitor of 
COX isoenzymes, reduce colon cancer cell growth by a mechanism that may involve 
p5 3 -independent induction of the tumor suppressor p21 WAF1 /cipl. 



Clinical studies and comparison with other NSAID (Sulindac, Aspirin) 

Due to the findings in these rodent models, several NSAIDs were tested in clinical 
studies to assess the relevance of these results in human colon cancer [54]. 

Levels of COX-1 and COX-2 could be determined from rodent tumor models as 
well as from human adenomatous and carcinomatous tissues [55-57]. A key ques- 
tion is whether the inhibitory effect of NSAIDs on colon carcinogenesis is mediated 
by inhibition of COX-1, COX-2 or both, or by inhibition of other cellular targets 
of NSAIDs. Summarizing the results, no change in COX-1 expression, but an upreg- 
ulation of COX-2 in adenomas and adenocarcinomas was found [41, 58, 59]. In 
addition, COX-2 has been shown to alter cellular adhesion, apoptosis and angio- 
genesis, contributing to its neoplastic potential [60]. 

Aspirin, as the most widely known and used COX-2 inhibitor, has been the topic 
of many surveillance studies [61]. In a prospective randomized trial it has recently 
been shown that daily use of aspirin is associated with a significant reduction in the 
incidence of colorectal adenomas in patients with previous colorectal cancer [62]. 
Aspirin, taken regularly at a dosage of 325 mg per day, decreased the number of 
adenomas and the time of adenoma development. 325 mg of aspirin is a common- 
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ly used dosage for several indications, such as arteriosclerotic disease, but it increas- 
es the risk of bleeding [63, 64]. In another study, low-dose aspirin (81 mg) was 
proved to have a moderate chemopreventive effect on adenomas of the large bowel 
[65]. Further studies deal with dose-finding analyses of aspirin in the inhibition of 
prostaglandin E 2 from rectal muscosa [66, 67]. Other studies observed that the 
effect of NSAIDs, including aspirin, on colorectal neoplasia does not depend strong- 
ly on the dosage [68, 69]. Due to the well-known gastrointestinal toxicity of aspirin, 
focus has been placed on this adverse effect in assessing the cost-effectiveness of 
aspirin chemoprevention [1, 70]. Drugs with similar mechanisms but better safety 
profiles might offer superior chemoprevention. 

Sulindac can cause regression in patients with FAP [37]. One of the retrospective 
studies was community-based [71], whereas the others were hospital-based [12, 14, 
72-74], A small study on patients with diffuse colonic polyposis evaluated sulindac 
at 200 mg twice daily [75]. A decrease in the number and size of colorectal polyps 
could be demonstrated. Following these results, a prospective randomized study was 
performed, using 150 mg of sulindac twice a day [38]. A reduction in the number 
and size of polyps was shown here as well. Several additional randomized clinical 
trials also present the reducing effect of sulindac on colorectal polyps [38, 76-78]. 

Of the COX-2 inhibitors, celecoxib, as one of the “new” generation NSAIDs 
with selective inhibition of COX-2, was the first to appear in a randomized trial. To 
determine whether the inhibition of COX could reduce the number of polyps in 
patients with FAP, the effect of celecoxib was assessed by Steinbach et al. [15]. Treat- 
ment with 400 mg of celecoxib twice daily for 6 months was associated with a sig- 
nificant reduction in the number of polyps from the baseline in comparison with the 
placebo group. The group receiving 100 mg twice a day did not show any signifi- 
cant change, although a reduction of 25% or more in the number of colorectal 
polyps was seen in 31% of the patients. Regression of polyps was observed in the 
rectum as well as in the left and right colon. Hence treatment with celecoxib is 
thought to be a useful adjunctive chemotherapy in addition to routine endoscopic 
surveillance and surgery [79]. 

Additive effects against human colon cancer could be demonstrated in a combi- 
nation treatment of celecoxib and herceptin in assays in vitro and in vivo [80]. Fur- 
thermore, a combination therapy of a COX-2 inhibitor with a tyrosine kinase 
inhibitor such as IRESSA, a selective epidermal growth factor receptor-tyrosine 
kinase inhibitor, is also proposed to be evaluated in vitro and in patients with col- 
orectal cancer [81]. 

Summary and conclusion 

The importance of the COX pathway in human disease was recognized with the dis- 
covery that NSAIDs, a group of compounds that have been used in the treatment of 
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various inflammatory disorders, can inhibit the activity of COX [32]. The two COX 
isoenzymes, COX-1 and COX-2, convert arachidonates into prostaglandins. An 
increased level of prostaglandins could be found in human colorectal tumours com- 
pared with normal intestinal mucosa [39,40]. To examine the role of COX in col- 
orectal adenomas and adenocarcinomas, the levels of COX-1 and COX-2 were 
determined in these cells. The key points were little changed in COX-1 expression 
but increased levels of COX-2 in adenomas and adenocarcinomas [57]. These 
expression patterns suggested that NSAIDs could suppress tumor growth via an 
inhibition of COX-2. 

All clinical studies were able to demonstrate that NSAIDs have a clear protective 
effect, although adenomas developed in some patients who were receiving treat- 
ment. Thus NSAIDs cannot be recommended as a replacement for surveillance 
colonoscopy. COX-2 inhibitors seem to have become the most interesting medical 
option in preventing colorectal cancer due to fewer side effects in comparison with 
conventional NSAIDs. However, clinical trials investigating the preventive effect of 
different NSAIDs for sporadic primary colorectal cancer would be desirable, but dif- 
ficult to perform. Trials investigating the effects of NSAIDs on recurrent cancer and 
metachronous second primary cancers in patients with resected colorectal cancer 
appear more feasible. 
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Perspective 

“Apophonia ... the spontaneous perception of connections and meaningfulness in 
unrelated things.” 

Pattern Recognition 
William Gibson 
Berkley Pub Group, 2004 

William Gibson might have included cancer and inflammation as an example of 
“apophonia”. The perception of this connection, however, has been anything but 
spontaneous. Cancer is generally thought of as disordered cell growth driven by the 
accumulation of genes that confer a growth advantage or prevent cellular senescence 
[1]. Inflammation is thought of primarily as a non-immune, acute host-defense pro- 
cess. When persistent, chronic inflammation and the associated immune response 
together play a role in several diseases including rheumatoid arthritis, asthma, and 
inflammatory bowel disease. The thoughtful clinician and scientist reflecting on the 
extraordinary advances in cancer biology and the search for causes of cancer are dis- 
appointed with how our premises have not yet translated into more effective thera- 
py. Those studying diseases associated with inflammation raise a similar concern, 
with many of the therapeutic targets seemingly intractable. What are we missing? 
The editors of this volume have addressed the relatedness of these seemingly “unre- 
lated” fields to reveal “meaningfulness” that is now more perceptible. This revela- 
tion could provide a synergistic base to allow the generation of new questions and 
to accelerate innovation in understanding and treatment of these diseases. 

There is now a growing appreciation that cancer progression is facilitated by 
host mechanisms exploited by tumors to promote growth and dissemination. This 
includes inflammation. Indeed, thematic to this volume, cancers arise in the setting 
of chronic inflammation. We have recognized that interactions during chronic 
inflammation involve a cascade of cells and proinflammatory and proliferative fac- 
tors interacting in a number of ways that ultimately drive epithelial and, to a lesser 
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extent, stromal genomic instability [4-11]. This may be just the tip of the iceberg. 
Further elucidation of these interactions will challenge the existing paradigms that 
cancer is purely a genetic disorder and that chronic inflammation may be limited to 
only some of these chronic diseases. Crossover between these two fields will cer- 
tainly benefit both. Recognition of the role of inflammation in cancer could lead to 
breakthroughs in new forms of therapies that alone, or in combination with more 
conventional cytotoxic agents or biologic therapies, could shift cancer from being a 
fatal disease to one that is chronic and manageable. Therapies for inflammatory dis- 
eases could benefit similarly. Already we know the value of crossover therapies 
using methotrexate and cyclooxygenase-2 inhibitors, addressed in some detail here- 
in. 

The processes occurring subsequent to inflammation (leukocyte infiltration, 
necrosis, angiogenesis, stromagenesis, and occasionally carcinogenesis) have been 
defined over the last quarter of a century. In contrast, the identification of inflam- 
matory processes preceding the development of cancer has been slow to be recog- 
nized [12-31]. In virtually every tumor type that occurs in increased frequency with 
age, inflammation or hormonal cycling is an antecedent. During the cycles of cell 
growth and cell death characterizing most chronic inflammatory states, epigenetic 
changes proceed that are related to enhancing angiogenesis, inhibiting apoptotic 
death and, paradoxically, limiting thrombolysis (thereby promoting micro-necrosis). 
These cycles occur whether driven by bacteria, virus, toxins, smoke inhalation, solar 
irradiation, or hormonal cycling. Rounds of cellular proliferation and cell death are 
associated with hypermethylation of promoter regions within tumor-suppressor and 
proapoptotic genes, promoting cell survival. Following acquisition of genetic limi- 
tations in apoptotic pathways, increasing necrotic cell death leads to the release of 
cellular contents, including high-mobility-group box 1 protein (HMGB1) [32-35], 
ATP [36, 37], heat-shock protein 70 [9, 38-40], and uric acid [41] among others. 
These in turn recruit sentinel cells which diminish immune reactivity and promote 
tumor cell growth. Macrophages and other inflammatory cells produce a variety of 
factors, both pro-stromagenic and pro-angiogenic. In the absence of exogenous dan- 
ger signals, they suppress immune reactivity. In my view, cancer is more a disease of 
abnormal cell death and associated inflammation than one solely of disordered cell 
growth. 



Necrosis and cancer 

In virtually every tumor type carefully examined, necrosis is a concomitant of poor 
prognosis. This includes breast cancer [42-44], renal cancer [45], colon cancer [46], 
sarcoma [2, 3, 45, 47, 48], and melanoma [49, 50]. Necrotic tumors, unlike apop- 
totic cells, release their cellular contents. Which factors are released has only become 
apparent over the last few years. These include uric acid [41], ATP [36, 37, 51, 52], 
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heat-shock protein 70 [39, 40, 53], and HMGB1. HMGB1 is a highly conserved 30- 
kDa eukaryotic nuclear regulatory factor, released from other cells including acti- 
vated macrophages [32, 54-59] and possibly natural killer cells. It stimulates tmor 
necrosis factor production and inflammation, promotes sickness behavior, is an 
endogenous pyrogen, enhances tumor growth, promotes endothelial activation, 
leukocyte recruitment and adhesion, and mediates death in sepsis [60]. HMGB1 is 
a biologically potent costimulus of inflammation promoting interferon y release in 
the presence of interkeukin-1, -2, and -12. It is elevated to extraordinary levels in 
the serum of patients with metastatic melanoma, suggesting its potential utility as 
an important new target for patients with unscheduled necrotic cell death and can- 
cer. We have assessed detection in the serum of cancer patients and shown it to be 
elevated in patients with pancreatic cancer and melanoma. High levels of HMGB1 
were found in all melanoma sera (30-2719 ng/ml) compared with 25.2 ng/ml in 
recovered and 83.7 ng/ml in dying septic patients (normal undetectable). The appli- 
cation of antibodies to HMGB1 is supported by the available data in cancer and 
other chronic inflammatory states [58]. Clearly HMGB1 could be one of the com- 
mon links involving both of these disorders. 



Immunity and cancer 

As tumors progress, it is commonplace to observe immune deficits not only in cells 
within the tumor microenvironment but frequently in the systemic circulation as 
well [61-66]. This has alarmed the tumor immunologist and limited the biologic 
therapist’s ability to “initiate” an immune response. In many instances, as noted 
above, immune infiltrates can indeed be observed in adult tumors and shown to cor- 
relate with improved survival. As tumors progress, they diminish their infiltrate and 
appear to have more substantial immune changes, the origins of which are still 
obscure. We would suggest that these changes are the consequence of global and 
specific downregulation of immune reactivity mediated by immune sentinels includ- 
ing plasmacytoid dendritic cells [67-69] and the consumption of tryptophan [70] or 
other factors necessary for lymphoid cell survival and function, as a consequence of 
diminished toll-like receptor (TLR) signaling and persistent necrotic cell death. If 
these notions are accurate, means to modify the inflammatory response with new 
anti-inflammatory agents in the clinic will generate a new class of cancer therapeu- 
tics. 
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